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Organophosphorus toxins are chemical substances whose lethal nature was not
realized imtil the 1930s when Gerhard Schrader, a German scientist, revealed the effect
of these substances on insects, resvilting in the development of a new type ofpesticide.
Organophosphorus toxins work as non-competitive inhibitors by deactivating
cholinesterase in the nervous system, preventing the bonding of cholinesterase to
acetylcholine. Failure ofbonding between acetylcholine and cholinesterase resulted in
nerve imptilses staying active longer, and the over-stimulation ofmuscles and nerves
resulting in muscle paralysis, weakness, and other related symptoms. In the latter part of
the 1930s, the Germanmilitary saw potential in Schrader’s research and developed
neurotoxins for use in WorldWar 11. Stockpiles of Tabun (GA), the first nerve agent,
were made available to the military but were never used.^"* There are a number of
organophosphate-based toxic nerve agents present in the military, with the nerve agents
GA, GB, and VX composing amajor portion, between 25,000 and 38,000 tons, of the
U.S. stockpile of outdated and hazardous chemical munitions that are in need ofdisposal.
These nerve agents were designed specifically to cause incapacitation or death in militaiy
use and are particularly effective because of their high toxicity.'*’^
Organophosphorus compounds (Table 1) can be found in various uses including
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Dimethyl methylphosphonate \/ \/
agricultiore, industry andmilitary. Since 2001, nearly halfof the insecticides sold in the
United States were organophosphate-based. For example, diazinon is the common name
ofawidely used lawn and garden spray. Ortho® being one of the major manufacturers.^’^
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Malathion is another organophosphate insecticide used on a number of food and feed
crops. There are also nonagricultural uses, such as on lawns, gardens, shrubs, plants,
ornamental trees, and even in public health mosquito control.® A top priority in U.S.
homeland security strategies includes the rapid detection and monitoring of contaminants
present in drinking water. Detecting organophosphorus compounds and their degradation
by-products in chlorinated drinking water is ofparticular interest.’’^ The use ofozone
and either UV radiation or hydrogen peroxide have numerous applications in the
treatment ofmunicipal wastewaters and wastewaters contaminated with pesticides.
Biocides and other paint additives are drawing interest in the industry as they keep paints
free ofmold, mildew, and algae. Reactive Surfaces, a relatively new company started by
Steven McDaniels, uses a paint additive he discovered as a graduate student at Texas
A&M University. When added to latex paint and in the presence of carbon dioxide and
water, the enzyme additive, OPDtox, breaks down organophosphorus nerve gas agents that
make contact with the paint surface into nonlethal products.^®
Whether it is the breakdown ofpesticides in drinking water or the decomposition
of chemical warfare agents, it is important to develop a reactive adsorbent with high
activity that will clean up and detoxify these toxins. Formany purposes, dimethyl
methylphosphonate (DMMP) is used to simulate the interactions and reactions of
phosphonate ester pesticides and chemical warfare agents. DMMP has a structure similar
to toxic organophosphorus compoimds, yet it is nontoxic, soluble in most polar solvents,
inexpensive, and widely available. Although its primary commercial use is as a flame
retardant, it is also used in the production ofsarin.”
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The interactions ofDMMP with a series ofmetal oxide adsorbents have been
examined extensively in our laboratory. A series ofmaterials based on cerium oxide
has been prepared that, compared to aluminum oxide and iron oxide in previous research,
showed a superior ability to decompose DMMP. The first objective was to characterize
the decomposition ofDMMP on supported and unsupported ceria samples. Mixed oxides
involving cerium oxide, as well as themethod of synthesis, were also examined.
The second objective involved performing various dosing experiments on the
most active adsorbent to show howmethanol and dimethyl ether are formed upon the
decomposition ofDMMP. Previous studies by other researchers have suggested
pathways for methanol production, but little is known for dimethyl ether formation. In
addition, there is interest in the processes involved as the products move through the
adsorbent bed.
Although the production ofmethanol in the new adsorbents yielded the greatest
decomposition capacity to date, additional decomposition was limited by the lack of
available active sites on the adsorbent. Ozone has shown to be a promising reactant as a
powerful oxidizing agent that could possibly turnover active sites previously used. With
the desire of increasing the number ofactive sites, the third objective of this study was to
integrate the effect ofusing ozone as a co-reactor on the decomposition ofDMMP.
The last objective of this study was to develop a reliable colorimetric method that
could be used to support a combinatorial method in screening large volumes ofpotential
reactive adsorbents. The degree in purple color represents an adsorbent’s ability to, via
methanol production, breakdown DMMP prior to running time consuming experiments.
CHAPTER 2
LITERATURE REVIEW
2.1 Introduction to Heterogeneous Catalysis
Solids that increase the rates of chemical reactions are known as heterogeneous
catalysts. The chemical nature of these catalysts is very important as the catalyst plays an
active role and not a passive one in the chemical reaction.*^ The most important
properties of a catalyst in a chemical reaction are its activity, the rate at which chemical
transformations take place on the surface of the catalyst, and its selectivity, the relative
yield of the emitted products from those chemical transformations.^'’ Some metal oxides,
such as alumina and silica, are good dehydrating agents in that they adsorb water readily.
Most metal catalysts are prepared on a high surface area support where nanometer-sized
metal particles are dispersed with particle sizes ranging from 1 to 20 nm. Heterogeneous
catalysts have many applications from the reduction ofair and water pollution to the
development ofhigh strength polymers and cheaper transportation fuels.
Heterogeneous catalysis must always be preceded by the adsorption of one of the
reactants onto the exterior surface of the catalyst. In heterogeneous catalysis reactions,
there are two major reaction mechanisms: Eley-Rideal (E-R) and Langmuir-Hinshelwood
(L-H). In the E-Rmechanism, a gas phase species reacts with a surface adsorbate to
yield a product, whereas the product an L-H mechanism is the result ofboth reactants
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being adsorbed on the surface. Chemisorption, which is an adsorption between the
substrate and the adsorbate(s) via a chemical bond, occurs in both mechanisms and is
involved in the diffusion of the reactants, adsorption, surface diffusion, reaction,
desorption and the diffusion ofproducts from the surface.*^’^ These processes are much
like the steps involved in a gas chromatographic separation.
The adsorption and decomposition ofDMMP on various metal oxide surfaces
occurs when the incoming DMMP adsorbs at a Lewis acid site on the surface of the metal
oxide where they have been created upon calcination of the metal oxide. As the
decomposition ofDMMP continues, either methanol or an adsorbed methoxy group is the
product yielded and proceeds to the next active site, whereas the fragment of adsorbed
methyl methylphosphonate remains bound to its adsorption sites. Dimethyl ether,
another product ofDMMP decomposition, is formed from the reaction of two
neighboring surface methoxy groups and is loosely held onto the surface. As additional
DMMP is added, the products diffuse over the smface of the metal oxide until all the
active sites have been filled, thus forcing the products to leave the metal oxide.
The adsorption and decomposition of ozone on the metal oxide surface occurs
rapidly. Ozone also adsorbs on Lewis acid sites, thus temporarily blocking the surface
site. This results in the slow deactivation of the alumina surface and loss of ozone
decomposition activity.
2.2 Previous Studies on the Adsorption andDecomposition ofDMMP onMetal Oxides
Our laboratory has previously examined the adsorption and decomposition of
DMMP on various metal oxides. It has been shown that DMMP adsorbed on a
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number ofmetal oxide surfaces gives rise to molecular and dissociative adsorption. In
one previous study, a microreactor/FT-IR system was used to quantify the gas-phase
products ofDMMP decomposition on gamma AI2O3, gamma Al203-supported iron oxide,
and a sol-gel prepared alumina, at elevated temperatures.*^ In that study, Mitchell et al.
showed that decomposition occurs at room temperature, where 10% of the DMMP
adsorbed is decomposed, and the extent ofdecomposition increases with temperature.
The sol-gel prepared sample exhibited had the highest decomposition capacity, whereas
the alumina-supported iron sample yielded the lowest amount of decomposition products.
Compared to decomposition at room temperature, the total capacity for DMMP
decomposition increased threefold at 373K on gamma AI2O3, gamma Al203-supported
iron oxide, and sol-gel prepared alumina materials. Additional DMMP decomposition
was seen in these samples at temperatures in excess of473K. With temperatures ranging
from 298K to 673K, the products seen were methanol and dimethyl ether. Carbon
dioxide, carbon monoxide, and methane were additional products observed from
decomposition at temperatures higher than 573K.
In another study, Mitchell et al. used diffuse reflectance infrared fourier transform
spectroscopy (DRIFTS) to examine DMMP decomposition on aluminum oxide, iron
oxide, magnesium oxide, and lanthanum oxide at elevated temperatures.** ’^ It was seen
that a Lewis acid-base interaction occurs between the lone pairs of the oxygen of the P=0
group and acidic surface sites, leading to the formation ofmethanol via the elimination of
amethoxy group beginning at 298K and a second methoxy group at 473K. This reaction
occurred in the presence of oxygen on the AI2O3, MgO and La203 surfaces, although the
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P-CHa bond remains intact in the presence ofoxygen at temperatures up to 673K.
However, the initial interaction ofDMMP with iron oxide is somewhat different than that
ofthe other oxides, and the decomposition ofDMMP shows the nonselective elimination
ofboth the methoxy and the phosphorus-bound methyl groups on heating. By 573K, all
of the carbon-containing species appear to be eliminated. Although the P-CH3 is resistant
to cleavage, its oxidation is aided by the Fe /Fe redox reaction.
Mitchell et al. investigated a new series of ceria on alumina, iron oxide on
alumina, and a co-impregnated of ceria and iron oxide on alumina samples using an
microreactor/FT-IR system. It was found that the co-impregnated iron and cerium
oxides on alumina were more reactive than previously studied samples, the best mixture
being 5 wt% iron and 7.5 wt% cerium simultaneously impregnated onto alumina. It was
observed via microreactor/ FT-IR studies and Raman spectroscopy that the two-
dimensional cerium oxide on alumina (which is less than amonolayer on the absorbent’s
surface) is the most active form for DMMP decomposition. The three-dimensional form
of cerium oxide on alumina is made ofmore than a monolayer on the surface, but is less
active in decomposing DMMP. When iron oxide on alumina was examined, it showed
that the effect of iron is to increase the dispersion of the ceria, creating larger two-
dimensional regions, thus increased decomposition.
Tempelton and Weinberg^^’^ used inelastic electron tunneling spectroscopy to
examine DMMP absorption and decomposition on alumina. It was seen that DMMP
adsorbs molecularly at Bronsted acid sites via hydrogen bonding ofphosphoryl oxygen to
a surface hydroxyl group at 200K. DMMP also adsorbs dissociatively at Lewis acid sites
9
from 295K to 473K such that the phosphoryl oxygen initially binds to a Lewis aeid
aluminum site on the surface. Subsequent reactions result in methanol production as well
as the formation of a surfaee methyl methylphosphonate (Figure 1). A second
nucleophilic substitution occurs at the other methoxy carbon, along with protonation of
the methoxy oxygen by a surface hydroxyl group, resulting in a second methanol
moleeule liberated and a surfaee-bound methylphosphonate.
With the use of diffuse reflectance FT-IR, Aurian-Blajeni and Boucher explored
the adsorption ofDMMP on a number ofmetal oxides including titania and alumina.^^
They showed the interaction between DMMP and the surface speeies oecurs through the
P=0 bond as a shift was observed in the phosphorus-oxygen stretching vibration
frequency from 1240 cm'* to 1190 cm'*.
Li and Klabunde investigated the effects of nanoscale particles and surface area of
magnesium oxide on the decomposition ofDMMP.^'*'^^ These nanoscale particles,
depending on the method of synthesis, contained a higher defect site density than larger
partieles. Even though the initial reaction ofDMMP with magnesium oxide was similar
to those interactions seen with alumina and DMMP, it was diseovered that surfaee area is
important and that surface hydroxyl groups were generated by DMMP decomposition.
Building on the previous meehanism ofTempleton and Weinberg, they proposed that a
second DMMP molecule oxidized an adsorbed methoxy group to yield formic acid.
Rusu and Yates studied DMMP decomposition on titania in the absenee of light at
different temperatures using transmission infrared speetroscopy.^’ They showed that
DMMP condenses as an ice layer on the outer surfaee of titania at temperatures less than
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Figure 1. Dissociative adsorption reaction between DMMP and alumina proposed by
Templeton andWeinberg^’’^
166K, but DMMP moves inward and hydrogen bonding is seen between DMMP and
TiOH groups as the temperature increases to 200K. At 214K and higher, adsorbed
methoxy groups and adsorbed phosphonate groups are seen, confirming the dissociation
ofDMMPIn another study, they examined the use ofultraviolet light in activating the
surface of titanium dioxide for DMMP decomposition?* With the use of transmission
infrared spectroscopy, results showed hydrolysis and photooxidation at room
temperature, whereas only photooxidation takes place at 200K. The methyl groups ofP-
CH3 and P-O-CH3 from DMMP were destroyed, yielding carbon dioxide, carbon
monoxide, surface bound formate groups and water. If the surface coverage ofDMMP
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adsorbed on titania is small, photooxidation can occur due to the presence of active sites
remaining on titania’s surface. When a high surface coverage ofDMMP is present on
titania, it blocks the surface sites of titania, preventing oxygen from difhising to the
no
surface and thus inhibited photoxidation from occurring.
2.3 Cerium Oxide
With applications as an oxidation catalyst in the automotive and industrial areas
and being an additive in polishing formulations for increasing surface smoothness,
cerium oxide, in the form ofCe203 and Ce02, is an effective reactive adsorbent. ’
Catalytic applications include an increase in the efficiency of catalytic converters, in
catalytic vehicle emission controls, in catalysts involved in industrial removal of SO2, and
in water-gas shift catalysts using ceria and ceria-supported catalysts. Weatherproofing of
metal, plastics, rubber and timber is an additional application used in industrial coatings
with major benefits including improved transparency and protection from ultraviolet
radiation. Ceria is also used in polishing glass surfaces and lining the walls of self¬
cleaning ovens due to its ability to mechanically and chemically clean these surfaces.^^'^'
There is also interest in the development of eleetrolytic solid oxide fuel cells from cerium
oxide and ceria-supported materials due to its capacity to store oxygen.^^’^^
Methods for preparing mesoporous eerium oxide have been developed in order to
generate higher surface areamaterials. Mesoporous ceria is synthesized using a cationic
surfactant with cerium salts under basic conditions followed by calcining at 723K.
Mesoporous ceria has been found to have a surface area of approximately 200 m^/g. The
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surface area decreases sharply as the calcining temperature increases above 1173K. This
method of synthesizing cerium oxide yielded higher surface areamaterials than ceria
prepared by calcining cerium nitrate at 673K, even though the surfactant is not a true
templatmg agent. As the particle size decreases, the characteristic peak of cerium oxide
becomes broader and asymmetric, and shifts to lower frequencies.^^’^"*
Ceria on aluminum oxide materials have been investigated by many researchers.
In one study, Shyu et al. characterized alumina-supported ceria using X-ray
photoelectronic spectroscopy, Raman spectroscopy, and temperahare-programmed
reduction.^^ The goal was to determine the dependence of the chemical states of ceria on
a high surface area alumina support under a number ofoxidative-reduction treatments.
CeAlOs and Ce02 crystals were the cerium species detected. It was shown that CeAlOs
in the presence of air is thermally stable at temperatures up to 600°C. It was also foxmd
that the surface CeAlOa domains were derived from small crystalline ceria upon
hydrogen reduction at temperatures ofat least 600°C. However, the conversion of large
ceria crystals on alumina to CeAlOs requires a temperature ofat least 800°C. In another
study, Martinez-Arias et al. characterized several aliunina-supported ceria samples of
varying ceria contentwith the goal ofdeveloping amodel of the structural and redox
properties of ceria on alumina.^’ Two forms of ceria were present: dispersed two-
dimensional ceria patches and aggregated three-dimensional ceria crystals. As the cerium
content on alumina increases, the availability ofanionic vacancy sites formed by
reduction also increases. In addition, the formation of three-dimensional crystals
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increases as two-dimensional domains decrease. Differences were seen in the chemical
redox behavior of2D-ceria on alumina, 3D-ceria on alumina, and unsupported ceria.
Mixed metal oxides of ceria and zirconia were also examined being that it has
been shown zirconia disperses well over the surface ofan adsorbent. With the use ofX-
ray diffraction and transmission electron microscopy, Yao et al. investigated alumina-
supported ceria-zirconia samples that were studied as prepared, steam-aged, and
reduced.^* In the fresh samples, finely dispersed zirconia was seen on the alumina
surface, in addition to ceria-based solid with cubic symmetry. The steam-aged samples
yielded a second phase of ceria-zirconia in addition to the tetragonal phase. The reduced
samples yielded CeAlOa. It is implied that since zirconium was not seen in the reduced
samples, highly dispersed zirconia prevents the reaction of dispersed ceria with alumina.
In all three phases, the particle size ofceria decreased as the weight loading of zirconium
increased. Another study that involved ceria and zirconia mixed oxides also showed the
formation of tetragonal as well as cubic phases with an increase in ceria content. In
addition, Raman and X-ray data showed a decrease in cerium-oxygen bond length as the
zirconia weight loading increases. Sharp ceria peaks were seen in the Raman spectra for
small ceria particle sizes. As particle size increases in ceria, the F2g Raman intensity of
the ceria particles also increases.
2.4Alumina
Aluminum oxide is one of the most abimdant minerals in the Earth’s crust.
Aluminum oxide has numerous applications from being a good thermal and electrical
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insulator to being a ceramic material used in synthesizing products for numerous
applications from paints, tableware, pottery, dental work, plastics, pharmaceuticals,
rubber and catalyst supports. There are several crystal phases of aluminum oxide, the
most common type being a naturally formed crystalline AI2O3 structure called corundum.
Some of the more common phases ofalumina include those with the formula ofAl(OH)3;
bayerite, doyleite, gibbsite, and nordstrandite. Additional aluminas ofdiaspore and
boehmite have the formula A10(0H).'’°'^^ Alumina can be prepared in many phases
based on the calcination temperature. It was believed at one time that heating alumina to
temperatures in excess of 1100°C would stabilize it and prevent water vapor from
adsorbing onto the surface. These solids became known as alpha (a)-aluminas and were
found to be the most stable phase thermodynamically. However, a series of transitional
aluminas: chi (x), eta(T]), delta(5), kappa(K), theta(0), and gamma(y) were discovered
when calcination was performed at lower temperatures. The relationship between
alumina type and transitions with calcination temperature can be seen in the diagram
below.^^
too .^00 500 700 000 1100 =c
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The surface chemistry of gamma (Y)-alumina, in addition to its structure, is the
focus ofmany researchers because of its significance as a catalyst support in the
automotive industry.'*^ Its properties and interactions have been examined experimentally
and theoretically. Tsyganenko and Mardilovich used infi'ared spectroscopy to show that
alumina has five types of surface hydroxyl groups: one that is bonded to a tetrahedrally-
coordinated aluminum atom, one that is bonded to an octahedrally-coordinated aluminum
atom, one that bridges a tetrahedrally and an octahedrally-coordinated aluminum atoms,
one that bridges two octahedrally-coordinated aluminum atoms, and one which connects
three octahedrally-coordinated aluminum atoms.'*^ The stretching frequencies of these
five types of hydroxyl groups are seen in the 3700-3800cm * region of the infi-ared
spectra of gamma alumina. Additional research by Tsyganenko and Madilovich led to
the discovery ofa sixth type of surface hydroxyl group on alxunina, one that is bonded to
two octahedrally-coordinated aliuninum atoms and one tetrahedrally-coordinated
aluminum atom.'*^ Sohlberg et al. performed theoretical studies using density functional
calculations for the dehydration of gamma alumina."*^ It was seen that gamma alumina
behaves as a reactive sponge due to its ability to store and release water. As water breaks
down on the surface of gamma alumina, hydrogen enters the crystal structure whereas the
oxygen remains on the surface. Aliaminum then leaves the center of the structure and
unites with this oxygen, extending the crystalline structure by a stiochiometric AI2O3 unit
for every three watermolecules. In another study, Dyan et al. investigated the electronic
structure, vibrational frequencies, adsorption energies and charges of surface-bound
hydroxyl groups as a function of the adsorption site geometry of gamma alumina to better
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understand the properties ofadsorbed hydroxyl groups.'’^ The results showed that the
most acidic siuface hydroxyl groups give rise to an infrared peak near 3730 cm’*,
whereas the most basic groups yield a peak in the 3780 cm’* range, and the hydroxyl
group interactions were more complicated than experimental data previously suggested.
2.5 Ozone
Ozone is a naturally produced reactive oxidant found in the atmosphere in trace amoimts.
Discovered in the 19**’ century, ozone was first detected by C. Schonbein who observed a
strange smell in the air. About 90% of atmospheric ozone is found in the stratosphere,
where ultraviolet radiation from the Sun is being absorbed.'*’
There are a number ofpotential applications that involve ozonation. Pulp and
paper wastewater has high biological/chemical oxygen demand, high concentrations of
chloroform, highly pigmented, toxic compounds, and has a peculiar odor. Ozonation is
an effective, albeit expensive, method for treating wastewater leading to a significant
reduction in color, toxicity, and other undesirable water quality formations. There are at
least 40 wastewater treatment plants in this coimtry that incorporate the use of ozonation
as a disinfection method. The removal ofpesticides in wastewater is ofparticular interest
in that ozonation oforganophosphorus insecticides was found to be very effective.
Likewise, phenolic pesticides are readily oxidized by ozone.*** Ozonation is offered as
an alternative to chlorine-containing chemicals for water treatment by some swimming
pool companies. With the use of an ozone generator, 80% less chlorine and 90% less
17
algaecide are needed, improving the clarity of the water and the life of a pool’s interior
finish.^*
In an attempt to increase activity, ozonation has been investigated as a method to
increase the reactivity of a number ofmetal oxides. Oyama et al. examined the structure
and oxidation state of silica-supported manganese oxide catalysts for acetone oxidation in
the presence of ozone and compared their results to those when oxygen was used."^^ A
conversion in phase from Mn203 to Mn304 was seen as the weight loading increased to
20 wt%. Carbon dioxide is the major product seen in the reaction of a silica-supported
manganese oxide with an oxidant. However, it was seen that the presence the manganese
oxide reduced the activation energy of the ozone plus acetone oxidation reaction while it
had little effect on the activation energy of the reaction using oxygen as an oxidant. In
addition, studies showed a higher ozone conversion rate in the temperature range of300K
to 600K when acetone was not used. This is due to lack of competition by acetone,
allowing ozone to react with the active sites. With the use of silica, titania, vanadia, and
zirconia, Mehn et al. prepared a series ofMCM-41 samples, that compared the
calcination method at 813 K in the presence ofoxygen to the method of oxidation with
ozone at 323 It was shown that ozone heated samples left the structure intact but
yielded lower activity in comparison to the MCM-41 calcined oxygen samples, which
upon template removal imderwent a partial collapse. Zhu et al. performed a study
involving the degradation ofphenol. Iron (Ill)-catalyzed ozonation ofphenol gave a
higher degradation rate than ozone alone, with the pH and the concentration of iron(III)
also affecting the efficiency of the ozonation.^* It was seen that as the pH increased, the
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removal efficiency in the iron catalyzed ozonation decreased to levels similar to ozone
alone.
Abbatt et al. performed kinetic experiments examining the reaction of surface-
bound benzo[a]pyrene and gas phase ozone on solid organic and salt aerosols. This
reaction displayed pseudo-first order loss ofbenzo[a]pyrene, and the pseudo-first order
coefficients displayed a Langmuir-Hinshelwood dependence on the concentration of gas
phase ozone. It was also shown that relative humidity must be considered as ozone
binds less strongly than it does to ozone covered by a monolayer of adsorbed water.
2.6 Colorimetric Method
The objective of this study was to develop a reliable colorimetric method that
could be used to develop a combinatorial method for screening large numbers ofpotential
reactive adsorbents. In developing a colorimetric method, the objective is to be able to
monitor a reaction’s progress via a second reaction that results in a color change. In this
system, methanol is the primary reaction product ofDMMP decomposition over a metal
oxide. The two major reagents used were alcohol oxidase and piupald (4-amino-3-
hydrazino-5-mercapto-1,2,4-triazole). Alcohol oxidase reacts with oxygen and methanol
to give formaldehyde and hydrogen peroxide. Purpald dissolved in a basic solution reacts
with formaldehyde to give a purple color with an optical density proportional to the
amoimt of formaldehyde produced, which derived fi’om the methanol produced by the
decomposition ofDMMP. It has been shown that only aldehydes (in this case
formaldehyde) react with Purpald to yield this color change.
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Purpald, a white powder, has been used in other colorimetric studies for the
determination of formaldehyde. Anthon and Barrett showed Purpald to be a simple and
sensitive method with the highest selectivity for measuring methanol when used with
alcohol oxidase.^** In another study, Hopkins developed a solid phase detector by adding
Purpald in acetone to a stable metal bicarbonate on a support.^* It was found the detector
was sensitive to gaseous formaldehyde in air from 0.2 ppm to 2 ppm. Purpald also has
other applications in the detection of formaldehyde in plastic products and vaccines, in
the detection of acetaldehydes on the surface of spoiling fruit, and in the use of filter
paper test strips.^^
Alcohol oxidase (also known as oxygen oxidoreductase) has many applications
from those involving colorimetric methods to uses in biosensors for determining the
alcohol content in beers and wines, in saliva, blood and urine. Alcohol oxidase has
also been shown to reduce the amount ofalcohol in the blood by up to 100 mg per
kilogram ofbody weight.^* Potassiiun permanganate was compared to alcohol oxidase
as an oxidant to alcohol oxidase in the determination ofmethanol but gave inconsistent
results.^^ In addition, the method using alcohol oxidase was foimd to be twice as




Dimethyl methyl phosphonate (DMMP) was purchased from Aldrich and was
distilled under vacuum prior to use. Holox and Airgas provided the 99.9995% ultra high
purity helium and oxygen high pressure tanks used in this study. The alumina used was a
U.O.P. provided Bayerite material called Versal B, which was converted to T1-AI2O3 upon
calcination at 623 K for eight hours, decreasing its surface area from 410 m /g to about
360 m^/g. The following precursors to the active oxides were used: iron(III) nitrate,
colloidal silica (Ludox 20%), hexadecyltrimethyl ammonium bromide, sodium silicate
and cerium(III) nitrate hexahydrate from Aldrich; zirconium(rV) dinitrate oxide hydrate
and zirconium(IV) propoxide from Strem; and titanium dioxide (P25) from Degussa-
Hiils. Hydrochloric acid, ammonium hydroxide and sulfuric acid were from Fisher, and
Purpald and alcohol oxidase were obtained from Aldrich and Sigma, respectively.
3.2 Synthesis ofReactive Adsorbents
3.2.1 Precipitation Deposition
A suspension containing the appropriate amount ofmetal precursor in Tables 2-5
and 5.000 grams of the ri-alumina support in 500 mL deionized water was prepared and
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continuously stirred. Approximately four drops of concentrated nitric acid was added,
lowering the pH to 2.1-2.2. As the mixture was stirred, approximately 300 mL of a 0.1 N
solution of aqueous ammonia was added dropwise until a pH of at least 9.5 was reached,
which precipitation of the metal hydroxide from the suspension.^'* After an additional 4-5
hours of stirring, the suspension was left to sit overnight. The sample was filtered, dried
it at 353 K, and calcined for eight hours at 673 K (with a heat ramp of 10 K/min) yielded
the supported metal oxide. The product was grinded into a smaller, uniform size, and a
90-250 pm sieve was used to select the product to be used in the microreactor. The metal
content was calculated from the amount ofmetal precursor and its support, assuming
complete conversion of the aqueous metal precursor to the supported oxide. In the ceria
on alumina samples, ICP/MS analyses were performed to determine the metal content.
Another method ofpreparing ceria used 11.2 g ofcerium chloride and 9.4 g of
cetyltrimethyl ammonium bromide, which serves as a surfactant.^'* These were added to
550 mL deionized water and the suspension continuously stirred. 250 mL ofaqueous
ammoniawas added dropwise over 2 14 hours as the pH increased from 2.5 to 11.4. The
suspension was left to stir at 303 K for 90 hours, adding deionized water occasionally to
replace water lost by evaporation. The suspension was allowed to cool. The precipitate
was filtered and washed with water and acetone. The product dried at 333 K for 24
hours, and calcined for two hours at 623 K (with a heat ramp of 10 K/min).
3.2.2 Incipient Wetness
This method included the metal precursor, the appropriate amount of support in
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Tables 2-5, and deionized water as the solvent. Just enough water was added to the
precursor to create a paste, which was then thoroughlymixed for several minutes. The
sample was dried overnight at 353 K and calcined for eight hours at 673 K to form the
metal oxide. The product was grinded into a smaller, uniform size, and a 90-250 pm
sieve was used to select the product to be used in the microreactor. The metal content
was calculated from the amount ofmetal precursor and support used.
3.2.3 Amount ofMetal Precursor andSupport Used
3.2.3.1 Ceria onAlumina
5.000 grams of the alumina support, previously calcined at 623 K for eight hours,
was used in the preparation of the following adsorbents:
Table 2. Amount ofCerium Nitrate Used in Various Alumina-Supported Ceria Samples
Incorporated in DMMP Decomposition
As prepared %Ce
on alumina
0 1.55 2.49 4.76 8.73 11.02 12.25 13.32 17.74
Cerium nitrate, g 0 0.237 0.40 0.826 1.767 2.620 3.086 3.582 4.110
3.2.3.2 Ceria on Titania
3.000 grams of the titania support, previously calcined at 623 K for eight hours,
was used in the preparation of the following adsorbents:
Table 3. Amount ofCerium Nitrate Used in Various Titania-Supported Ceria Samples
Incorporated in DMMP Decomposition
As prepared %Ce on titania 0 4.74 7.35 9.00 10.59 12.86 16.36
Cerium nitrate, g 0 0.4953 0.825 1.0601 1.3087 1.7099 2.4654
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3.2.3.3 Ceria and Zirconia on Alumina
5.000 grams of the alumina support, previously calcined at 623 K for eight hours,
was used in the preparation of the following adsorbents:
Table 4. Amount ofCeriumNitrate and Zirconium Precursor Used in Various
Alumina-Supported Ceria Samples Incorporated in DMMP Decomposition
%Ce02 on
alumina
20 20 20 20 10 5
Molar ratio
ofCe/Zr
5:4 5:3 5:2 5:1 5:1 5:1
Cerium
nitrate, g




3.2473 2.3029 1.4566 0.6929 0.2898 0.1655
%Ce02 on alumina 5 10 20
Molar ratio ofCe/Zr 1:1 1:1 1:1




3.2.3.4 Iron on Alumina
4.000 grams of the alumina support, previously calcined at 623 K for eight hours,
was used in the preparation of the following adsorbents:
Table 5. Amoimt of Iron (III) Nitrate Used in Various Alumina-Supported Ceria
Samples Incorporated in DMMP Decomposition
% iron oxide on
alumina
Blank 5 10 15 20 25 30
Iron(III) nitrate, g 0 1.34 2.25 3.56 5.05 6.73 8.66
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3.2.4 Preparation ofSi-MCM-41
The synthesis ofSi-MCM-41 began with 34.6 g ofhexadecyltrimethyl
ammonium bromide being stirred in 115 mL ofdeionized water for 30 minutes.
Afterwards, 37.4 g of sodium silicate solution was added dropwise to the surfactant
solution as stirring continued for an additional 30 minutes. 2.4 g of sulfuric acid in 10 g
ofdeionized water was added to the suspension which stirred for another 30 minutes.
The gel was transferred to a polypropylene bottle and kept in the oven at 373 K for 24
hours. After allowing the bottle to cool to room temperature, the solid was recovered by
filtration, washed with deionized water and dried in oven at 373 K for 6 hours. The
product was calcined at 813 K for 10 hours.
3.3 Characterization ofAdsorbents
X-ray difftaction measurements were performed on a Philips X’Pert Model RW-
3040 diffractometer with a Cu Ka source at 1.54 A at a voltage of45 kV and 40 mA with
a step size of 0.04 (20) and a range from 10 to 85/90 (20). The sample analyzed had been
sieved to a particle size between 90 and 250 pm. Raman spectra were obtained using a
Nicolet Raman 950 FT-Raman spectrophotometer. The powder samples were placed in
capillary tubes, and scattered radiation (with the use ofaNd-V04 laser whose power was
set at approximately 250 mW) was collected using a 180° backscattering collection
geometry and detected using a room-temperature InGaAs detector. Surface area
measurements were performed on aMicromeritics Gemini Model 236 surface area
analyzer. Between 0.1 and 0.2 g ofadsorbent was pretreated at 473 K with a nitrogen
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flow for two hours. To measixre the surface area, the Brunauer-Emmett-Teller (BET)
multipoint gas absorption was used under a nitrogen adsorption at liquid nitrogen
temperature. The atomic force microscope used was a Thermomicroscopes AutoProbe
CP Research Scanning Probe Microscope. A gold coated V-shaped silicon nitride
cantilever was used. This cantilever contained a spring constant of 0.5 N/m, a resonance
frequency ofnearly 117 kHz, and a tip radius of 10 nm. At a rate of 500 nm/s, the
microscope was used in a non-contact scanmode in air.
The metal content of each sample was found using Perkin-Elmer Elan 5000ICP-
MS. Between 60 and 100 mg of the adsorbent was measured, recorded and put into a 200
mL beaker. 100 mL of 1:1 HCl/double deionized water was added to the beaker. The
solution was heated at 353 K for four hours, adding additional HCl/double deionized
water as needed to prevent total evaporation. The solution was carefully transferred to a
500 mL volumetric flask and double deionized water was added to the mark. One
milliliter of the solution was pipetted into a 100 mL volumetric flask, 3 mL of
concentrated nitric acid was added to the solution, and double deionized water was added
to the 100 mL mark.
3.3.1 Microreactor System
3.3.1.1 Instrumental Setup
The microreactor system (Figure 3) was constructed of a 14” outer diameter
stainless steel U-tube in a temperature controlled furnace (Hoskins, Type FA120 Electric
Furnace, coupled to an Omega Engineering Model CN 3202-TCl Process Control Unit).
To minimize gas adsorption in the gas transfer line, high purity perfluoroalkoxy tubing
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was used in this system. One end of the microreactor was attached to a gas inlet system,
which carries a DMMP/He mixture to the reactor, and the other end was coimected to a
gas outlet system, that carried the products to an infrared gascell (Ultra-Mini Long Path
Cell from Infrared Analysis, Inc.) with an effective pathlength of2.4 m and an internal
volume of 100 mL. The DMMP/He mixture was formed when helium gas was bubbled
through liquid DMMP. To prevent DMMP aerosol from reaching the microreactor, the
gas mixture was passed through a flow-through glass wool trap that had been previously
saturated with DMMP vapor. The flow rate ofDMMP was calibrated by collecting a
sample of the gas mixture (after the bubbler and aerosol trap) in a small glass
condensation vessel designed specifically for collecting volatile compoimds. The vessel
was placed in liquid nitrogen to trap the DMMP that flows through it. With the glass
vessel weighed before the experiment and after 10-12 hours of collection time, the mass
difference was foimd and the procedure was repeated several times. This yielded a
DMMP concentration in He being 47pmol/liter. With a helium flow rate of30 mL/min,
the DMMP concentration was 1.41 pmol/min.
In the experiments with added ozone, the configuration incorporated the use of
both an ozone monitor (Model 450H from Advanced Pollution Instruments Inc.) and an
ozone generator (Model Lab 11 from Pacific Ozone Technologies). Approximately 60
mg of the sample is placed into the u-tube, and the sample is preheated at 623 K in
oxygen for an hour followed by 30 minutes ofhelium flow. The sample is then cooled to
room temperature in helium flowing at 30 standard cm^/min (30 seem). To develop the
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concentrations needed, the flow of this DMMP/He mixture to the u-tube was mixed with
the ozone/oxygen mixture, the total flow being about 36 seem. The generator flow rate
A
B
Figure 3. Configuration ofmicroreactor systems for determining the decomposition of
DMMP on metal oxides (A) alone and (B) in the presence ofozone
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was adjusted using a splitter to send the desired amount to the reactor while at the same
time directing the remainder of the flow to an ozone destructive catalyst.
3.3.1.2 Experimental Setup
Approximately 60 mg of the adsorbent, which has been sieved to a particle size
between 90 and 250 pm, was placed in the reactor on the entrance side. The reactor was
then placed in a tube furnace and the sample was preheated for an hour at 673 K. A type
K thermocouple was used to measure the temperature in the adsorbent bed to the Omega
process control unit. With a flow rate of 30 mL/min, the sample was pretreated at the
elevated temperature of 673 K by flowing 20% oxygen in helium for an hour, followed
by passing pure helium for 30 minutes. The system was allowed to cool to room
temperature as helium continued to flow. A background infrared spectrum at lower range
was obtained at 2 cm'^ resolution. At 298 K, DMMP vapor in helium was passed through
the system and delivered to the FT-IR as spectra were collected every two minutes over
the range of the experiment being performed. At the end of the experiment, each
spectrum was processed for infrared absorptions for various products (methane, carbon
monoxide, carbon dioxide, dimethyl ether, and methanol).
3.3.1.3 Calculations
The major infrared absorption bands of interest are due to methanol in the range
of 1028-966 cm'^ dimethyl ether in the region of 1211-1182 cm’’, and DMMP in the
range of 1297-1240 cm’’. The instrument was calibrated for infrared absorptions of
potential products ofDMMP decomposition. Infrared absorptions ofDMMP overlapped
the methanol adsorptions bands, yielding an internal standard to direct the subtraction of
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the overlapping DMMP component from the product absorption. By extrapolating a plot
of the DMMP integrated infinred adsorption intensity versus exposure ofDMMP to zero
intensity, one can determine the DMMP breakthrough point (BTP), the point at which
DMMP is initially seen due to saturation of the adsorbent by DMMP and its
decomposition products. The concentration of the gases was found by setting up a








Cceii= measured concentration in the cell
Cin = concentration coming into the cell from the microreactor
V = cell volume
(1)
Integrating equation 1 yields the following expression that determines an average
concentration coming into the gas cell between two time measurements (ti and t2). It is




Five types of dosing experiments were performed in the microreactor system to
investigate the mechanism of formation ofmethanol and dimethyl ether from the
decomposition ofDMMP in 20 \vt% ceria on alumina. In the variable dose/fixed
adsorbent experiments, approximately 60 mg of adsorbent was exposed at 298 K to
different DMMP/He dose amounts, ranging from 10 pmoles to 200 pmoles at a flow rate
of 30 mL/min for the desired time, after which pure helium was passed through the
system for the remainder of the experiment, approximately 20 hours. An example of this
would be dosing 20 pmoles ofDMMP onto 63 mg of20 wt% ceria on alumina. The
second set ofexperiments involved afixed dose and variable adsorbent. Varying
amounts ofadsorbent ranging from 15 mg to 60 mg were exposed at 298 K to a flxed
DMMP dose amoimt of20 pmoles, and for comparison 40 pmoles, at 30 mL/min
followed by pure helium flow through the microreactor for the rest of the 20 hour
experiment. Experiments of this type include the dosing 20 pmoles ofDMMP at 30
mL/min onto 30 mg and 15 mg of 20 wt% ceria on alumina. The incremental dose/single
adsorbent experiments involved the successive exposure of a single sample at 298 K to
10 pmoles DMMP doses at 30mL/min and flowing helium through the system at 30
mL/min for 24 hours between each dose. The fourth dosing experiment involves reacting
DMMP with adsorbedmethanol. There were two parts to this experiment, both consisted
of initially exposing the adsorbent at 298 K to methanol tmtil its breakthrough point was
seen. In the first part of this experiment, 20 pmoles ofDMMP was added at 30 mL/min,
and helium was added at 30 mL/min to the microreactor for 24 hours. The second
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portion required only helium at 30 mL/min to be added to the microreactor. The final set
ofdosing experiments involved methanol and dimethyl ether reactions with surface
fragments with the purpose ofchecking for additional reactions. There were two parts to
this experiment, include exposing the adsorbent at 298 K to 20 pmoles ofDMMP at 30
mL/min, then helium at 30 mL/min for 24 hours as spectra were collected. Next, 20
pmoles ofdimethyl ether was added at 30 mL/min to the first part of this experiment,
whereas in the second part ofthe experiment, 20 pmoles ofmethanol at 30 mL/min was
added.
3.3.1.5 Control Experiments
A series of control experiments were performed prior to the dosing experiments to
assist in the evaluation of the results. A 253 ppmmixture ofmethanol in helium and a
490 ppm mixture ofdimethyl edier in helium (Matheson Gas) were individually passed
continuously through the empty reactor at room temperature, each resulting in no
conversion to dimethyl ether and methanol, respectively. DMMP in helium also flowed
through the empty adsorbent bed, yielding no measurable decomposition products.
In order to estimate the reproducibility in the experimental setup and data
analysis, experiments involving the pure aluminamaterials were performed multiple
times. The gas phase infi-ared absorption bands ofdimethyl ether are not overlapped by
other absorptions, whereas DMMP absorptions partially overlap the absorption bands of
methanol. Results yielded an imcertainty of±2 pmol for the determination ofthe
integrated amount ofmethanol formed, and less than that for dimethyl ether production
based on the low product yield of dimethyl ether.
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3.3.2 Colorimetric Experiments
The objective of this study was to develop a reliable colorimetric method that
could be used to develop a combinatorial method for screening large volumes ofpotential
reactive adsorbents in the decomposing ofDMMP. The schematic below (Figure 4)
shows the general setup of the colorimetric determination experiment. In preparing the
alcohol oxidase enzyme solution, 3 mg of alcohol oxidase was added to 2.4 mL of a
lOOmM buffer solution, mono and dibasic sodium phosphates with pH = 7.5. This was
kept in the refrigerator imtil needed. The Piupald solution was made of0.2 g ofPurpald
dissolved in 20 mL of 0.1 N NaOH in water.
A flow rate mixture of 30 mL/min to 6 mL/min (5:1) was made between
DMMP/He and oxygen, respectively. The glassware and tubing were cleaned between
each sample run. The three layers inside the large glass tube were made of20 mg of
cotton fibers. Approximately 60 mg ofadsorbent with particle size between 90-250 pm
was placed on top of the upper cotton layer inside the glass tube. A calibrated
micropipette was used to add 200 uL ofenzyme solution to the middle cotton layer in the
tube, and the cotton in the lower third of the glass tube was added as an absorbent layer to
prevent any enzyme solution from flowing down into the Purpald indicator solution in the
tube/vial present. Quantitative measurements were made between two
spectrophotometers via Spectronics 20s+ at least twice until consistent readings were
seen between the two spectrophotometers. The wavelength used was 550 nm. Control
qualitative experiments were performed that included a sample ofPurpald only/no






















It was foxmd in earlier work that ceria on alumina was an efifective reactive
adsorbent.^” The first experiments discussed are those that examine the ceria loading that
yields the most active adsorbent and the characterization of those materials. In order to
determine the most active adsorbents, a series of adsorbents was prepared that contained
increasing amounts of ceria on alumina (Table 6). A comparative study on the
coimpregnated oxides of ceria and zirconia on alumina, and the method of synthesis
between precipitation deposition and incipient wetness was carried out to determine if a
particularmethod yield more product from DMMP decomposition.
4.1.1 Ceria on Alumina
Table 6 summarizes the data for the surface area, the as prepared weight
percentages ofcerium present, and the production ofmethanol in DMMP decomposition
on various alumina-supported ceria samples and unsupported cerium oxide. The
supported samples were prepared via precipitation impregnation, whereas the
imsupported ceria was prepared via amodification of the precipitation impregnation




Table 6. Characterization and Methanol Production ofAlumina-Supported Ceria Samples












Blank 358.1 0 0 28.7
#30626CA 368.2 1.55 1.37 33.5
#30627CA 363.5 2.49 2.39 34.8
#30620CA 343.5 4.76 4.32 39.0
#30612CA 331.3 8.73 7.99 39.8
#30522CA 324.8 11.02 9.2 41.1
#30519CA 323.0 12.25 11.7 38.1
#30520CA 323.9 13.32 13.1 42.9
#30116CA 345.3 17.74 17.2 42.9
Pure Ceria* 137.1 N/A N/A 43.3
* Mesoporous cerium oxide prepared according to method in Section 3.2.1
With alumina-supported ceria samples prepared, methanol and dimethyl ether are
the products formed for which a qxiantitative determination were made. In order to
compare the values of ICP/MS analysis with the as-prepared values, the weight
percentages of ceria was converted to the weight percentages of cerium in Table 6. A
comparison of the surface areas shows that the alumina-supported ceria samples have
much larger sxuTace areas than unsupported ceria sample. In the alumina-supported
samples, an inverse correlation was seen in the surface area and the cerium weight
loading with the surface area decreasing from 368 m^/g to 345 m^/g as the cerium content
increased from 0 wt% to 17 wt%. Methanol production also increased from
approximately 29 pmoles to 43 junoles for 63 mg of sample. The calculated weight
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loadings for cerium were in good agreement with values obtained from digestion in
ICP/MS analyses for cerium. Comparable amounts ofmethanol were formed for
unsupported ceria and for the 18wt% and 20 wt% ceria (13 wt% and 17 wt% cerium,
respectively) on alumina-supported samples. Figure 5 shows that the production of
methanol increases more rapidly in the lowest ceria weight loading samples.
10 15
Wt% Ceria
Figure 5. Methanol production from weight loadings of ceria on alumina
X-ray diffraction (XRD) and Raman spectroscopy provide information regarding
the crystalline form ofthe ceria on alumina samples. Figure 6A shows the XRD patterns
ofboth calcined alumina and unsupported ceria, whereas Figure 6B gives the XRD
patterns of some alumina-supported ceria samples at various weight loadings. Major
peak positions characteristic for ceria were observed at 28,47, and 56 °2-theta, whereas
features at 27,44, and 67 °2-theta are representative of ii-alumina. These results show an




Figvire 6. X-ray diffiaction patterns of (A) alumina and unsupported ceria and (B)
alumina-supported ceria samples
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the alumina support) as the weight loading of ceria increases in the alumina-supported
ceria samples. This shows that some ceria domains are formed at higher weight loadings.
Raman spectra in Figures 7A and 7B are from unsupported ceria and alumina-supported
ceria samples, respectively. The presence of the ceria band at 462 cm'^ is due to the F2g
vibrational mode of a three-dimensional ceria phase and its intensity increases with the
percentage of the ceria phase on the surface of the alumina support. The size of the
crystallites, or the degree oforder in the ceria phase, is related to the full width at half
maximiun (FWHM) value of this peak. Broader raman bands are due to smaller
crystallites or greater disorder. The presence of the ceria band is clearly seen in the
supported samples ofat least 5 wt% ceria with a FWHM value ofapproximately 44 cm'*
and indicating a domain size ofat least 6 nm. Figure 8 shows a plot ofRaman intensity
versus weight loading of ceria on alumina samples. With the intensity of the Raman band
being a function of ceria’s particle size, this shows that three-dimensional ceria crystals
are present in alumina-supported ceria samples of 5 wt% ceria or greater. Zhang et al.
found similar results when he studied nano-particulate ceria.^^ Supported samples of2.5
wt% ceria or less do not show a Raman band at 462 cm'*, suggesting that onlytwo¬
dimensional ceria domains are formed for this loading, although the presence of ceria
crystals of 1 nm or less can not be ruled out. Figure 5 shows the most rapid increase in
DMMP decomposition yield occurs on alumina where little evidence ofcrystals
formation exists.
The Raman experiments show that crystals formed after 5 wt% ceria on alumina




Figure 7. Raman spectra of (A) unsupported ceria and (B) alumina-supported ceria
samples
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relatively small ceria loadings lead to crystal formation. We can use the Raman results to
calculate a dispersion capacity, the amount that can be loaded onto the surface before
crystal formation occurs. In calculating the dispersion capacity of a metal on a support,
the surface area of the support and the amount ofmetal ormetal oxide that constitutes a
monolayermust be known. The amount that fills amonolayer is taken to the threshold
amount for crystal formation. The onset of ceria crystal formation was seen to be about 5
wt% ceria and the dispersion capacity was found to be approximately 0.5 Ce^"^ ions/nm^.
Figure 9 shows atomic force microscopy scan a sample of20 wt% ceria on
alumina. Compared to scans of smaller dimensions, the 10x10 pm gives a good, uniform
representation of the surface in that numerous peaks ofvarying heights, the highest being
85 nm, are seen and most likely assigned to ceria. Although this material, along with
other alumina-supported ceria samples, are active for DMMP decomposition, it is
hypothesized based on the results shown in Figure 5 that a more highly dispersed ceria on
the supportwill yield a more active solid.
Wt%C*ri«
Figure 8. Plot of the Raman intensity of the ceria band at 462cm’* versus ceria weight






Figure 9. A 10x10 nm scan of 20 wt% ceria on alumina via atomic force microscopy
4.1.2 Ceria on Titania
Table 7 summarizes the data for the surface area, the calculated percentages of
cerium present, and the total amoimt ofmethanol produced from DMMP decomposition
on unsupported ceria and various titania-supported ceria samples. Unsupported
mesoporous ceria was prepared with the use of a surfactant via amodification of the
precipitation deposition method.^^ Supported samples were prepared via precipitation
impregnation as described in Chapter 3. Titania that has been calcined at 673K was the
blank samples tested.
Titania-supported ceria samples were prepared to have a cerium weight loading
from 0 wt% (blank) to 16 wt% cerium. The surface area results show that titania-
supported ceria samples have lower surface areas than those of the unsupported ceria.
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However, there was no strong correlation seen between the surface area and the ceria
weight loading in the titania-supported samples. The unsupported ceria yielded a larger
amount ofmethanol than the titania-supported samples. No obvious correlation was seen
in the production ofmethanol on the titania-supported ceria samples as the ceria weight
loading increased.
Figure lOA shows the XRD patterns observed for both calcined titania and
unsupported ceria, whereas Figure lOB gives the XRD patterns for titania-supported ceria
samples. Major peaks at 25 and 48 °2-theta are representative of titania, and the peaks
characteristic ofceria were observed at 28,47, and 56 °2-theta. The results show an
increase in the characteristic peaks due to crystalline ceria as the weight loading increases
on the titania-supported ceria samples. Raman spectra, shown in Figures 11A and 1 IB,
indicate imsupported ceria and some titania-supported ceria samples, respectively. The
presence of the ceria F2g band at 462 cm'* indicates a three-dimensional ceria phase and
its intensity is due to the weight percentage of this ceria phase on the surface of the titania
support. With increasing intensity of the Raman band, the ceria crystals become more
defined and ordered as the weight loading increases.
In calculating the amoimt ofmetal needed to form a monolayer, the dispersion
capacity must be known. In a previous study, Zhu et al. investigated the dispersion and
reduction behavior of copper oxide supported on ceria-modified anatase.^® They found
that titania has a dispersion capacity of6.98 Ce^^ ions/nm^. With a surface area ofabout
50 m^/g for titania, it would take approximately 10 wt% ceria to form a monolayer.
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Blank 50.0 0 13.8
#41218CT 53.4 4.74 12.6
#41219CT 55.8 7.35 15.6
#41217CT 59.6 9.00 18.4
#41220CT 57.2 10.59 14.1
#41221CT 57.5 12.86 14.2
#41222CT 58.3 16.36 18.4
Pure CeOi 137.1 N/A 43.3
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FigurelO. Characteristic crystalline peaks seen in X-ray analysis in (A) titania
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Figure 11. Characteristic Raman spectra in (A) unsupported ceria and (B) titania-
supported ceria samples
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4.1.3 Mixed Oxides and Varying Factors
4.1.3.1 MixedCeria/Zirconia onAlumina
The co-impregnated oxides of ceria and zirconia on alumina support were
investigated. In this study, zirconia was added to increase the dispersion of ceria over
alumina.^*’^^ As mentioned in Section 2.3 the dispersion of ceria on alumina-supported
zirconia occurs readily. Table 4 summarizes the various weight loadings ofceria on
aliunina, the calculated molar ratio of ceria to zirconia, and the production ofmethanol
for each sample. Alumina-supported ceria/zirconium samples were prepared via
precipitation impregnation from 5 wt% up to 20 wt% ceria. The surface areas of these
samples were found to vary from 440 to 550 m /g. In comparing the first three samples
with the same 1:1 molar ratio of cerium to zirconium, a direct correlation was seen
between the weight loading of ceria and the product yield upon decomposition of
DMMP. A general correlation was also seen in the 20 wt% ceria on alumina samples
between the molar ratios of ceria and zirconia and the amount ofmethanol produced with
the 1:1 sample being the exception. In the samples with a 5:1 molar ratio of ceria to
zirconia, the product yield was nearly independent of the weight loading ofceria.
However, in none of these samples was the methanol yield as high as that observed for
pure ceria on alumina, even though greater dispersion was achieved on the adsorbent.
Results show that greater dispersion does not necessarily lead to more active sites and
additional DMMP decomposition.
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Table 8. Summary ofMethanol Produced in Ceria/Zirconium on Alumina
Sample prepared via
precipitation deposition




5 wt% CeOi on alumina 1:1 19.7
10 wt% Ce02 on alumina 1:1 23.4
20 wt% Ce02 on alumina 1:1 29.5
20 wt% Ce02 on aliunina 5:4 18.9
20 wt% Ce02 on alumina 5:3 29.5
20 wt% Ce02 on alumina 5:2 33.8
20 wt% Ce02 on alumina 5:1 36.4
10 wt% CeOz on alumina 5:1 34.9
5 wt% Ce02 on alumina 5:1 36.7
4.1.3.2 Ceria/Zirconia Impregnation Order on Alumina
Figure 12 gives atomic forcemicroscopic representations ofa 2 x 2 pm area for
the 20 wt% ceria on aliunina sample with a Ce/Zr mole ratio of 5:3. The three alumina
adsorbents differ in the order of impregnation: (A) the first support was initially
impregnated with ceria first, followed by zirconia; (B) the second support was
impregnated with zirconia, followed by ceria; (C) the third support was simultaneously
impregnated with ceria and zirconia. The preparation of the three adsorbents are as
follows: the first precursor of interest was added to the support via precipitation
deposition; after calcination at 673 K, the newly prepared adsorbent was redispersed in an
aqueous solution containing the second precursor that was also added via precipitation
deposition; a second calcination at the same temperature was carried out. The AFM peak
heights of the samples that formed via simultaneous impregnation yielded a maximum
height of about 10 nm. When ceria was added to the alumina first followed by zirconia.
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the maximum peak height increases to nearly 25 nm. When the reverse addition was
used, zirconia first followed by ceria, the maximum peak height decreases to about 4 nm.
These results clearly show the increased dispersion of ceria on the surface first
impregnated with zirconia. However, the production ofmethanol in these 5:3 molar ratio
simultaneous impregnation adsorbents is much less than that foimd for the 20 wt% ceria
on alumina sample whose AFM showed maximum peak heights at approximately 86 nm.
Figure 12. Atomic force microscopy of20 wt% ceria on alumina with 5:3 molar ratio of
ceria to zirconia: (A) ceria first, followed by zirconia (B) zirconia first, followed by ceria
(C) simultaneous impregnation
4.1.3.3 Effect ofPreparation Method on Production ofMethanol
In comparing the adsorbent preparation methods, additional experiments have
shown that the precipitation deposition method yields the greatest production of
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methanol. Comparing the production of ceria from cerium nitrate via calcination at 673K
to ceria production from cerium salts and a cationic surfactant, our results showed an
increase inmethanol production from 36.3 to 43.2 pmol, respectivity. In another case,
calcined alumina prepared via precipitation deposition sans a precusor yielded about 31
pmol, compared to 26 |imol for calcined alumina without treatment. The comparison of
precipitation deposition versus incipient wetness yielded higher production ofmethanol,
36.7 to 30.0 pmol respectively, for 5 wt% ceria on alumina with a 5:1 ceria/zirconia
molar ratio. It is hypothesized that the precipitationmethod yields more active sites,
allowing for additional production ofmethanol, rather than insipient wetness and/or
calcination alone.
4.2 Dosing Experiments
4.2.1 Variable Dose/FixedAdsorbent Experiments
It was found that 20 wt% ceria on aliimina was the most reactive supported
adsorbent at 298 K, and this material was used in the following DMMP dosing
experiments with varying amounts ofDMMP from 10 to 200 pmoles but with a constant
amount ofadsorbent, 63 mg, at a flowrate of30 ml/min. Table 6 shows the amounts of
methanol and dimethyl ether produced as a function ofdose amoxmt, in addition to their
breakthrough times. For the two lowest doses of 10 and 20 pmoles ofDMMP on the
adsorbent, dimethyl ether was the only product detected. It is believed the absence of
methanol is due to methanol being strongly adsorbed on the active surface sites, thereby
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moving more slowly through the adsorbent than dimethyl ether. Likewise, Figure 13
shows the decomposition products yield as a fimction ofDMMP dose for the adsorbent.
Figures 14A and 14B show the dimethyl ether product curves for the two lowest
DMMP doses as a function oftime. Seen in Figure 14A is the measured DMMP flow for
a 10 pmol DMMP dose into an empty reactor. The long tail is due to the time needed to
flush DMMP from the infrared gas cell and for DMMP to evolve from the internal
mirrors of the FT-IR. From this, an estimate ofDMMP concentration the sample is
exposed to is made. These results show that it takes a considerable amount of time for
dimethyl ether to evolve from the adsorbent under helium flow In the two lowest doses
ofDMMP, less than 1 |jmol ofdimethyl ether was detected in each case after 421 and
331 minutes, respectively.
Table 9. Results ofDecomposition Products as a Function ofDMMP Dose Amoimt for























10 - 0.46 421 0 -
20 - 0.89 331 0 -
30 - 3.07 183 7.61 346
40 - 3.72 153 16.13 221
50 - 3.67 161 18.04 231
60 228 2.72 104 24.95 130
70 161 2.34 87 27.50 99
80 170 1.67 81 30.90 97
100 159 1.62 94 32.77 96
150 122 0.78 67 36.19 89
200 138 0.37 80 38.23 92
♦ (-): Not Observed
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Figure 13. Decomposition products as a function ofDMMP dose amount for 20 wt%
ceria on alumina.
Figure 15A shows the integrated total product formation flow curves for DMMP
doses between 30 and 200 pmol, as a function of time. The integrated product is defined
as the equivalent number ofpmol ofCi product formed, equal to the number of pmol of
methanol plus two times the number ofpmol ofdimethyl ether. With dimetiiyl ether
being the initial product seen, the time between the end of the dimethyl ether flow and the
beginning of the methanol flow yields the peculiar shape of the integrated product flow
curves for the 30-40 pmol doses. Figure 15B shows the integrated production of
methanol as a function of time.
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Figure 14. Product flow curves via DMMP dosing on 20 wt% ceria on alumina.
Integrated Product Fkw vs Time for Various Dose Amounts Integrated Methanol Flow as a Function of Time for Various Dose Antounts
Figme 15. Integrated (A) total product flow and (B) methanol product flow as a function
of time for various DMMP doses
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DMMP breakthrough is only seen for dose amounts ofat least 60 jjmol (Table 9)
and the flow curves in Figure 15 are characterized by a broad maximum with a long tail.
However, a noteworthy change in the characteristics of the breakthrough curve is seen for
DMMP dose amounts between 100 and 150 ^mol. These results were consistent with
those reported by Templeton and Weinberg*^’^® suggesting the presence of two types of
DMMP adsorption sites on the surface: (1) a very strong adsorption site that irreversibly
adsorbs DMMP associated with Lewis acid sites, and (2) a more weakly adsorbing
physisorption site, associated with Bronsted acid sites. It appears that a strong and
narrow DMMP peak, due to chemisorption and physisorption sites being saturated, is
seen. Due to the saturation of the chemisorption sites seen at lower doses, DMMP flow is
superimposed on the leading edge ofa curve similar to the broad DMMP flow curve. It
is seen from Figure 15B that methanol evolves from the adsorbent at nearly the same
time as DMMP for doses greater than 70 pmol. These results suggest that once the
strongest adsorption sites are filled by DMMP and DMMP breakthrough takes place,
methanol evolves from the adsorbent with little surface interaction.
Figure 16 shows the amount ofmethanol evolved as a ftmction of the DMMP
dose amount. The total amount ofmethanol is the integrated methanol flow, which was
measured from the beginning of the experiment to slightly more than 20 hours after the
dosing ofDMMP. It is hypothesized the absence ofmethanol from the decomposition of
DMMP in the smaller doses is due to methanol being strongly adsorbed at available
surface sites. These results show that some initial amoimt ofDMMP is needed before
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methanol is observed—^with the reaction being of stoichiometric, not catalytic. The data
was fit to a function of the form
MeOH^ -(0MMP-Z)MMP.) 3
b+(DMMP-DMMPi,)
MeOH is the amount, in gmol, ofmethanol measured after a dose, and DMMP is the
number of pmol ofDMMP dosed onto the surface, whereas DMMPq in Figure 16 was the
x-axis intercept, 24.3 pmol. Equation 3 has a form equivalent to the Langmuir adsorption
isotherm, suggesting that the amount ofmethanol produced is limited by the availability
of smface sites and proportional to the DMMP surface coverage once DMMPq has been
subtracted. The constant a represents the limiting amount ofmethanol produced for
exposure to an infinite amount ofDMMP, and it was found experimentally to be 45.5
pmol. The constant b represents the rate ofmethanol rise with DMMP dose amount.
Compared to 42.5 pmol predicted by equation 3, the amount ofmethanol seen after 467
pmol ofDMMP was found experimentally to be 41.5 pmol.
Production of Methanol vs DMMP Dose
Figure 16. The amount ofmethanol produced as a function ofDMMP dosing
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4.2.2 Variable Adsorbent/FixedDose Experiments
Table 7 show results from a series ofexperiments in which a fixed amount of
DMMP was dosed onto varying amounts of20 wt% ceria on alumina. The amounts of
adsorbent compared were 15 mg, 30 mg, 45 mg and 60 mg. These amounts were dosed
with 20 pmol ofDMMP. An additional DMMP dosing of40 pmol was tested on 30 mg
ofadsorbent. Dosing 20 pmol ofDMMP onto15 mg ofadsorbentmore than saturated the
adsorbent as DMMP breakthrough was obtained but no dimethyl ether was seen. It is
believed that surfacemethoxy groups and the formation ofmethanol occm before
significant amounts ofdimethyl ether could be produced. However, all surface methoxy
groups are not exposed to DMMP when the amovmt ofadsorbent was doubled and
tripled. This allows dimethyl ether time to form when the same dose amount is used.
Dosing 20 pmol ofDMMP onto 30 mg of adsorbent yields both dimethyl ether and
methanol (albeit slightly less than the amoimt produced in 15 mg). However, there was
no DMMP breakthrough in this case. Doubling the DMMP dose amount to 40 pmol onto
the same amount of adsorbent cuts the production ofdimethyl ether nearly in half,
doubles the production ofmethanol, and DMMP breakthrough observed. When 20 pmol
ofDMMP was dosed onto 45 mg and 60 mg of adsorbent, only dimethyl ether was
detected. However, no methanol and no DMMP breakthrough was observed.
Table 10. Exposing Varying Amounts of20 wt% Ceria on Alumina to 20 pmoles DMMP
Amount ofadsorbent, mg 15 30 30* 45 60
Dimethyl Ether Production, pmol 0 2.3 0.9 2.2 0.9
Methanol Production, pmol 10.3 8.9 19.0 0 0
DMMP Breakthrou^? Yes No Yes No No
*The values in this column correspond to exposure ofadsorbent to 40 pmol ofDMMP.
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4.2.3 Incremental Dose/SingleAdsorbent Experiments
The next set ofexperiments involved exposing a single 60 mg sample of20 wt%
ceria on aliimina support to successive doses of 10 pmoles ofDMMP. Twenty-four
hours were allowed to pass between each dose as spectra were continuously collected and
heliiun continuously flowed at 30 mL/min. Figure 17 shows the flow profiles of
dimethyl ether, methanol and DMMP from the reactor with the dotted vertical lines
representing the time when DMMP were dosed onto the adsorbent. In Figure 17A,
approximately eight hours passed after the first dose ofDMMP was introduced into the
system before dimethyl ether was seen. Figures 17A and 18A show that each successive
10 pmoles dose ofDMMP fi-om the second dose up to the seventh dose yielded
approximately 0.5 pmoles ofdimethyl ether, but starting with the eighth DMMP dose, no
additional dimethyl ether was observed. In Figure 17B, methanol flow after the third
dose begins as a slow increase, but becomes a series of spikes between the fourth and
seventh doses. There is an additional peak at approximately 145 hours but as the dosing
continues, the intensity of the methanol peaks decreases. Figure 17C shows DMMP flow
slowly evolving fi-om the adsorbent after the seventh dose. Additional doses ofDMMP
yield DMMP fi-om the adsorbent quickly. Table 11 shows the tabulated results from the
incremental DMMP doses. The results show that dimethyl ether is formed at fresh
surface sites by each successive dose ofDMMP as itmoves through the adsorbent, and
the production ofdimethyl ether ends when the adsorbent is saturated with DMMP. It
can be seen in Figure 17B that after the third DMMP dose, methanol leaves the adsorbent
bed very slowly but appears more quickly as a series of spikes in additional DMMP
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doses. The flow ofmethanol formed from the decomposition of the first three doses of
DMMP was seen after the third dose, thereby showing that adsorbed methanol and/or
DMMP saturate the methanol adsorption sites. Additional DMMP doses yielded
methanol spikes due to the adsorption sites being filled and methanol being pushed offof
the adsorbent by DMMP. In Figures 17B and 17C, it is seen that the majority of the
methanol produced leaves the adsorbent between the fourth and seventh doses. DMMP
breakthrough occurs at approximately 145 hours.
















1 0.15 0.0 0
2 0.42 0.0 0
3 0.50 3.16 0
4 0.46 7.16 0
5 0.52 6.80 0
6 0.58 8.78 0
7 0.48 10.03 2
8 0.0 2.17 9-9.5
9 0.0 1.09 9-9.5
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Figure 17. Flow of gas-phase compounds from the reactor during the incremental dose




Integrated Product Formation from Inc'emental Dose Experiment
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Figure 18. Integrated product yield from the incremental dose experiment. The dotted
lines correspond to the times when DMMP doses were delivered to the sample.
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4.2.4 Reaction ofDMMP with AdsorbedMethanol
This set ofexperiments examined the reaction ofDMMP with 20 wt% ceria on
alumina saturated with methanol. Two different experiments were performed in that 60
mg ofadsorbent was exposed to methanol. Once the breakthrough point was reached,
one of two actions took place: (1) the sample was dosed with 20 pmoles ofDMMP
followed by helium flow for approximately 24 hoiu^, or (2) only helium flow was applied
for about 24 hours as spectra continued to be collected. Figure 19 shows the difference in
the methanol flow between the sample with DMMP and that without DMMP. It should
be noted that no dimethyl ether was observed. In Figure 19A, it can be seen that the
spike in methanol flow takes place at the same time DMMP was added. The shoulder
that appears prior to the spike in the DMMP dosed experiment is due to the appearance of
an earlier methanol breakthrough point. Figure 19B reveal a difference in approximately
30 pmoles ofmethanol produced when the adsorbent is dosed with DMMP compared to
the adsorbent in the absence ofDMMP dosing. This suggests methanol formation is a
mixture ofDMMP reacting with surface hydroxyl groups, along with desorption of
adsorbed methanol.
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Figure 19. The adsorption and decomposition ofmethanol up to the breakthrough point
at 298 K on 20% ceria on alumina followed by: (l)dosing of20pmol DMMP and helium,
or (2)helium flow.
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4.2.5 Reactions ofMethanol andDimethyl Ether with Surface Fragments
These experiments were performed to check for possible reactions between the
products formed, dimethyl ether and methanol, with surface fragments. After dosing 60
mg of20% ceria on alumina with 20 pmoles ofDMMP, twenty-four hours were allowed
to elapse with continuous helium flow to recover the products ofDMMP decomposition.
Following the elapsed time, either 20 pmoles of dimethyl ether or methanol was dosed
onto the adsorbent. As shown in previous experiments, 20 pmoles ofDMMP is not
enough to saturate 60 mg of the adsorbent and only dimethyl ether was seen after the the
initial dose ofDMMP. No methanol was observed after dimethyl ether was added, but in
the experiment involving the addition ofmethanol a small amoimt ofdimethyl ether was
formed and was observed as a pulse ofabout 0.1 pmoles.
4.2.6 ProposedMechanismfor Product Formation
For DMMP doses that more than saturate the adsorbent, the production of
dimethyl ether from DMMP decomposition greatly decreases. As the DMMP dose and
decomposition yield ofmethanol increase, the amount ofdimethyl ether decreases,
(Figure 13, Table 10). These results suggest that there is a competition between the
reaction path that forms dimethyl ether and the reaction path that forms methanol. It has
been shown in previous studies that as DMMP adsorbs on the acidic sites on the
adsorbent, some of it break down to form phosphorus-containing fragments and adsorbed
methoxy groups.*^’*^’^*
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Although there are a number ofpotential mechanisms for the formation of
dimethyl ether, the most obvious pathway involves a reaction between two neighboring
methoxy fragments as shown in Figure 20. Previous experiments involving 20 wt% ceria
on alumina as the adsorbent have shown that althoughmethanol creates a number of
surface methoxy groups, methanol dosed by itself onto the adsorbent does not form
dimethyl ether. Other potential mechanisms for dimethyl ether formation include the
reaction of surface methoxy groups with: (1) methanol produced from DMMP
decomposition, or (2) DMMP. In case (1), it is unlikely to be the main mechanism for
formation in that if it was so, the formation ofdimethyl ether and methanol would
increase together. Figure 13 and Table 9 show the opposite to be true. In addition,
Figures 17A, 17B and Table 11 show that in the fourth-seventh DMMP doses the flow
and formation ofdimethyl ether is independent of that ofmethanol detected. In case (2),
results from the fourth set of experiments involving dosing DMMP onto a surface





Figure 20. Proposed formation ofdimethyl ether with two neighboring methoxy groups
In previous experiments DMMP doses, that exceed the amount needed to saturate
the adsorbent, covers all of the siuface methoxy groups. In Figure 21, the mechanism of
DMMP (as a strong Lewis base interacting with a surface methoxy group and a hydroxyl
group) accounts for the decrease in dimethyl ether seen in large doses, as well as an
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increase in the production ofmethanol. It is unlikely that the hydrogen needed to form
methanol comes from the DMMP molecule but rather from the surface hydroxyl groups.
The results of the incremental dose experiment support the mechanism in Figure
21. When it comes to interacting with active surface sites, dimethyl ether is the weakest
adsorber, followed by methanol that can displace dimethyl ether, and DMMP, which can
displace both dimethyl ether and methanol. The initial adsorption ofDMMP at a Lewis
acid site occurs, followed by cleavage ofone of the phosphous-methoxy bonds to yield
an adsorbed methyl methylphosophonate and either an adsorbed methoxy group or a
methanol molecule. Depending on the availability ofneighboring hydroxyl groups, a
surface methoxy group can obtain an hydrogen atom to form methanol that occupies a
larger part of the adsorbent bed as it moves through the adsorbent. Methanol migrates
through the adsorbent bed by adsorbing, desorbing, diffusing to a new active site,
readsorbing, and so forth. As a result, methanol evolves from the adsorbent relatively
slowly due to the number of surface interactions. The interaction between two
neighboring surface methoxy groups yields dimethyl ether which, due to little interaction
with the adsorbent, passes quickly through the adsorbent. As additional doses ofDMMP
were added, more dimethyl ether and additional methanol were formed, and thus surface
methoxy groups fills the next active site on the adsorbent. After even more DMMP dose
was added, methanol was detected, showing that its adsorption sites have been saturated.
Methanol peaks are due to eithermethanol production by the interaction of additional
DMMP with surface methoxy groups, or DMMP replacing methoxy groups on the
surface of the adsorbent. Results show once DMMP breakthrough has been reached.
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dimethyl ether is no longer observed. Methanol production continued due to interactions
between surface methoxy groups withDMMP, and/or the displacement of surface-
adsorbed methanol by DMMP. When compared to the variable dose/fixed adsorbent
experiments, these incremental dose experiments yield more dimethyl ether when the
DMMP dose amount is enough to at least saturate the adsorbent.
Figure 21. The proposed production ofvapor-phase methanol with interactions between
adsorbing DMMP molecules and both a surface methoxy group and an hydroxyl group.
4.3 Ozone Experiments
A series of alumina-supported iron oxide samples were prepared via the
precipitation deposition method. Surface areas and X-ray analyses were collected with
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the surface areas of the samples were 364±5 mVg and no trend observed with increasing
iron loading. Figure 22 illustrates the X-ray patterns seen for the iron on alumina
supported samples. T|-Alumina exhibits a number of characteristic peaks at 27,44, and
67 °2-theta due to the crystalline nature of the material. As the weight loading ofFeaOs
increases, iron oxide appears to disperse over alumina very well due to a lack of
crystalline iron oxide being formed, although a decrease in intensity of alumina peaks is
seen due to the presence of iron oxide.










10 20 30 40 50 60 70 80 90
2 Theta (®)
Figure 22. X-ray diffraction patterns for the alumina substrate and various weight
loadings of iron oxide
Previous experiments ofDMMP decomposition on metal oxides yielded methanol
and dimethyl ether as the major and minor products, respectively, in the presence of
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oxygen. However, these experiments produced carbon dioxide and carbon monoxide
when the decomposition ofDMMP occurs on metal oxides when ozone is present.
Figure 23 shows the total yield of carbon dioxide seen after a series of adsorbents have
been exposed to 650 pmoles ofDMMP in 500 ppm ozone. The 15 wt% iron oxide on
alumina in the presence ofozone is the most effective adsorbent in terms of total carbon
dioxide production. An interesting note is that the alumina-supported iron oxide samples
with less than 15 wt% iron oxide yielded more carbon dioxide, compared to the alumina
substrate. Those adsorbents with 20 wt% iron oxide or greater showed less production of
carbon dioxide. The dispersion of iron oxide on alumina at higher weight loadings may
explain their decreased activity for DMMP decomposition in previous experiments when
compared to alumina.^® For further studies, the 10 wt% iron oxide on alumina sample was
chosen over 15 wt% iron oxide on aliimina. Despite having a lower decomposition
capacity, it was believed that 10 wt% iron oxide on alumina is less likely to form
additional products that may be present in the 15 wt% adsorbent due to a significant
decrease in carbon dioxide in the 20 wt% iron on alumina adsorbent.
The 20 wt% ceria on alumina sample has previously been shown to produce the
maximum amount ofmethanol in DMMP decomposition experiments in the presence of
oxygen. With respect to the conversion to carbon dioxide in the presence ofozone, there
was only slight improvement over the calcined alumina adsorbent. This implies methoxy
species on the surface of the adsorbentmay have been converted into carbon dioxide in
the presence ofozone instead ofmethanol.
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Silica MCM-41 showed little activity for the decomposition ofDMMP with
ozone. Previous experiments with Si-MCM-41 and DMMP in the presence ofoxygen
also yielded little DMMP decomposition. Despite having a high surface area, the lack of
Lewis acid sites on the surface is the reason for lack of surface reactivity.
It was foimd that in the absence of a reactive adsorbent, some carbon dioxide was
yielded by the reaction ofDMMP with ozone in an empty reactor when DMMP and
ozone are present. To explain this, other paths of carbon dioxide may formationmust be
accoimted for. One such pathmay include the gas-phase reaction between DMMP and
ozone. Carbon dioxide formation in an empty reactor was examined as a function of
ozone concentration. In these experiments, the carbon dioxide concentration builds
during an equilibration period where DMMP and reaction products adsorb onto the
interior surfaces of the microreactor. For a 500 ppm ozone experiment, the empty reactor
was replaced with Teflon tubing for verification purposes. This Teflon tubing
experiment yielded the same formation rate within experimental error for carbon dioxide
as the empty reactor experiment. From this experiment, it was seen that the formation of
carbon dioxide seen in an empty reactor is due to the gas-phase reaction between ozone




Figure 23. Cumulative carbon dioxide production as a function of different metal oxides
and oxide weight loadings after exposure to 650 pmoles ofDMMP in the presence of 500
ppm ozone
Figure 24 shows the equilibrated formation rate of carbon dioxide seen as a
function ofdifferent ozone concentration in an empty reactor with a fixed total flow rate
and fixed concentration ofDMMP. Two sets ofunits were given to allow for data
comparison. The rate shows a steady increase with concentration of ozone. Assuming
one DMMP molecule yields one molecule of carbon dioxide in which the concentrations
of the reactants are constant, the gas-phase reaction between DMMP and ozone converts
only 2.5% ofDMMP to carbon dioxide on a per molecule basis and the rate constant was
foimd to be 7.3x10'^° cm^/mol-s. In order to find a lower limit of the bimolecular rate
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constant, the steady-state rate of carbon dioxide formation can be used for the reaction
between DMMP and ozone. The formation rate of carbon dioxide was calculated by
using the measured amount of carbon dioxide produced in the microreactor with the time
scale provided by the rate of gas flow through the cell and using the initial gas-phase

















Figure 24. Carbon dioxide formation observed from the decomposition ofDMMP in the
absence ofa reactive adsorbent
Table 9 summarized the products formed from the decomposition of 650 pmoles
ofDMMP on 63 mg of 10 wt% iron oxide on alumina. The table shows that as more
ozone is added, methanol is replaced by carbon dioxide as the major product ofDMMP
decomposition. Methanol is formed at ozone concentrations less than 200 ppm, but only
carbon dioxide is yielded at higher ozone concentrations. It is hypothesized that
methanol in the presence ofozone is converted to carbon dioxide when ozone is present.
In experiments with at least 50 ppm ozone, there is more carbon dioxide produced than
could be explained simply jfrom the replacement ofmethanol with carbon dioxide.
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Table 12. Products Formed From DMMP Decomposition on 10 wt% Fe203 on AI2O3









0 0 0 14.1
50 16.7 0 4.5
100 35.6 0 2.5
200 44.4 0 0
300 49.1 0 0
400 50.0 2.1 0
500 50.6 3.4 0
1000 61.3 5.2 0
1500 69.7 7.9 0
The involvement of the gas-phase reactions to the production ofcarbon dioxide
was subtracted from the production measured in the presence of the reactive adsorbent in
order to determine the production of carbon dioxide due to the surface reaction between
DMMP and ozone. Figure 25 plots the conversion ofDMMP to carbon dioxide due to
the surface reaction for both 100 ppm and 1000 ppm ozone as a function ofexposure to
DMMP. At each of the ozone concentrations, the production of carbon dioxide was
measured in the presence and in the absence of adsorbent. The period between the
beginning of the experiment and the detection of carbon dioxide in the infixed cell is due
mainly to the adsorption of carbon dioxide on the adsorbent. The incremental change in
the carbon dioxide produced for an incremental exposure to DMMP (ACO2/ADMMP) is
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known as fractional conversion. Initially, there is a high fractional conversion ofDMMP
in the amount of carbon dioxide produced as a function ofDMMP exposure. However,
the slope of the conversion curve decreases as the exposure to DMMP increases. For the
duration of the experiment, carbon dioxide flow fit an equation of the Langmuir form:
Production of = £,.4
1 + 6{DMMP Exposure}
The terms a and b are fitting parameters, and the term {DMMP Exposure) refers to the
total amoimt ofDMMP that has flowed into the microreactor. Due to the initial detection
of carbon dioxide from the microreactor, there is some disagreement between the
experimental and fit data at the initial part of the conversion curve. As a result, the initial
data points were not used to determine the fit.
With regard to reactions on the surface of the adsorbent, the Langmuir-
Hinshelwood and the Eley-Rideal mechanisms are ofparticular interest.^^’^^ The
Langmuir-Hinshelwood mechanism involves a reaction between two adsorbed species,
whereas the Eley-Rideal mechanism takes place between a gas-phase coreactant and an
adsorbed species. The rate expression in a Langmuir-Hinshelwood mechanism ofa
heterogeneous bimolecular reaction is
Rate = k 9a6b Eq. 5
where 0a and 0b are the surface coverages of the two adsorbed species A and B,
respectively.
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Figure 25. The data for the corrected total production curves of carbon dioxide in the
presence of (A)100 ppm ozone and (B) 1000 ppm ozone—^thick lines correspond to
experimental data, whereas the thin lines correspond to fit ofdata to Equation 4.
74
The monolayer surface coverage for each adsorbent is taken to be found via the Langmuir
isotherm, which predicts the equilibrium surface coverage ofan adsorbent as a function
of its vapor pressure. For a single component adsorption, the mathematical expression
for the Langmuir isotherm is
l + Kp
in which the surface coverage of the adsorbent (0) is dependent on both the vapor
pressure of the compound (p) and the equilibriiam constant for adsorption
Eq.6
(K kadsorptiondCdesorption)'
In these experiments, a gasmixture is formed containing 650 pmol of gas-phase
DMMP mixed with ozone ofvarying amounts of one-fifteenth to twice the concentration
ofDMMP. With ozone concentrations of 50 ppm to 1500 ppm (a 30-fold increase) the
breakthrough point ofDMMP changes by approximately 10%, thus leading to greater
DMMP retention on the adsorbent. In addition, the surface coverage ofDMMP is found
by the vapor pressure ofDMMP and the equilibrium constant for adsorption. The
presence ofozone has very little, ifany, effect on the surface coverage ofDMMP.
The adsorption ofDMMP at Lewis acid sites is the accepted mechanism for the
interaction and decomposition ofDMMP with surface oxides at low temperatures.*^’^
Physisorption occurs when DMMP adsorbs at Bronsted acid sites. In adsorption and
desorption studies ofpyridine on the surface ofq-alumina, Limdie et al. have found
5.5x10*^ medium and strong Lewis acid sites per cm^.“ In this study, 63 mg of
pretreated alumina heated to 623 K was used. In our samples, this corresponds to 1.25 x
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10*^ sites available in the sample, or 20.7 pmoles for 63 mg of the pme alumina material.
In addition, the breakthrough point for DMMP in these experiments takes place after
exposure to between 230 and 260 pmoles ofDMMP, showing of the large number of
adsorption surface sites that exist approximately 10% potentially yield unimolecular
decomposition. In the previous section involving DMMP dosing on the surface of an
adsorbent with long observation times between doses, results have shown that DMMP is
not seen until a significant Auction of the adsorbent’s surface adsorption sites are filled,
even those that do not react.
The interaction ofozone with the reactive adsorbent is much more active than the
interaction ofDMMP. It was discussed by Thomas et al. that the primary sites for
adsorption on alumina at 77K were Lewis acid sites.^With regard to the surface sites,
ozone adsorbs, desorbs, decomposes, and regenerates very quickly. When ozone adsorbs
on the adsorbent’s surface, it temporarily blocks the active site but eventually leaves the
surface site. This results in the slow deactivation of the alumina surface and loss of
ozone decomposition activity ^ In comparison, the adsorption ofDMMP onto a Lewis
acid site poisons the site for further reactive adsorption by additional DMMP or ozone.
Experiments using sequential exposures of the reactive adsorbent surface to
DMMP and ozone were performed. In the first experiment, 63 mg of 10 wt% iron on
alumina was initially exposed to DMMP for about four hours at 30 mL/min. Without
added ozone, the adsorbent was then purged with pure helium at 30 mL/min to remove
weakly-adsorbed DMMP, and the adsorbent was then exposed to 45 ppm ofozone, in
oxygen, alone. In the second experiment, the adsorbent was initially exposed to 45 ppm
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of ozone, purged with pure helium at 30ml/min, and then exposed to DMMP in the
absence ofozone at 30 mL/min.
The results from the top graphs ofFigure 26 show the production ofmethanol
from DMMP decomposition on the adsorbent and, after purging the adsorbent, the
production of carbon dioxide after ozone was added. However, the bottom graphs show
smaller amounts ofcarbon dioxide and methanol being produced. The production of
carbon dioxide, according to the top graphs, comes from the reaction ofadsorbed DMMP
or decomposition products with ozone. However, results from the bottom graphs suggest
that production of carbon dioxide comes from the reaction with adsorbed ozone, not gas-
phase ozone, since some carbon dioxide is formed after the purging the system ofgas
phase ozone.
An expression that describes the dependence of the reaction rate on the ozone
concentration is needed in order to evaluate the dependence ofozone seen. According to
the data from Figure 25, the surface coverage ofDMMP is a slowly changing as a
function of increasing DMMP exposure. The rate expression in a Langmuir-
Hinshelwood mechanism for two species that adsorb competitively is:
„ ^ ^DMMPPDMMP^0,Po, „ „Rate = k — Y Eq. 7(1 + K pjji^fMp + ^OjPo, )
With the insensitivity of the DMMP surface coverage to the presence of ozone, and
DMMP’s high affinity on the adsorbents, the expression can be further simplified for a
specific coverage ofDMMP (0’dmmp) and can be written as:
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Adsorption and Decomposition of DMMP on 10 wt%
FejOj on AijO, at 25 ®C
0123456789 10 11 12 01234S6789 10 11 12
^^0“^ Hours
Decomposition of DMMP on 10 wt% FejO, on AIjO,
Figure 26. The top graphs show the flow and accumulation ofproducts with exposure of
adsorbent to DMMP in helium, purging with pure helium, and ozone in oxygen, whereas
the bottom graphs show the flow and accumulation ofproducts with exposure of the
adsorbent to ozone in oxygen, purgingwith pure helium, and DMMP in helium. BTP
refers to the DMMP breakthrough point.
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Po
Rate'= UMMr 1 , _
^ "*■ ^dmmpPdmmp
Eq.8
where the (‘) designation indicates the relationship to a specific coverage ofDMMP.
The expression can he fiirther rearranged to clearly show the dependence ofozone,
assuming the concentration of gas-phase DMMP is held constant
Rate'= k ^-DMMP ^0^0, ^ g




Determination of specific coverage ofDMMP (0’dmmp)
is needed in order to compare the observed rates from different concentrations ofozone.
A point ofcommon exposure to DMMP exists although it makes very little difference
which exposure is chosen. The exception to this is that it needs to be after the appearance
of carbon dioxide because of the method used to monitor the reaction rate. Changes
occur slowly on the fiuctional conversion of carhon dioxide production with exposure to
DMMP. Likewise, a dependence ofozone should be found with DMMP exposure,
regardless of the exact choice of 9’dmmp-
The formation of carbon dioxide has been measured in these experiments, thus the
rate of the results and conclusions regarding the rate-limiting step for carbon dioxide
production is also known. These determinations should not be referred to as the reaction
rate because the disappearance rates ofozone or DMMP were not foimd. The rate of
formation ofcarbon dioxide, d(C02)/dt, as a fimction ofozone concentrationwith
constant DMMP vapor concentration can be found fi-om the DMMP to carbon dioxide
conversion curves at various concentrations ofozone. The finite rate, AC02/At, at a
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particular DMMP surface coverage is proportional to the fractional conversion,
ACO2/ADMMP, since DMMP flow was constant and the change in DMMP was
proportional to the change in time. Figure 27 shows a plot of the fractional conversion
found after exposure to 100 and 300 pmoles ofDMMP at 30 mL/min. Little variation
appears after the range of 300-400 ppm ozone, even though a plateau is reached at lower
concentrations for higher DMMP exposures. In Figure 27, the fractional conversion
vedues were calculated from the data fit to Equation 3. For the 100 pmoles DMMP
exposure, the plateau value for the fractional conversion was found to be 0.12 ± 0.01
pmole(C02)/pmole(DMMP). The data were fit to an equation of the form
Fractional Conversion = Eq. 10
I + 4O3],
where m and n are fitting parameters. Equations 9 and 10 have the same dependence on
ozone, and the agreement between the data and the curve supports the belief that the
reaction follows the Langmuir-Hinshelwood mechanism.
The Langmuir-Hinshelwoodmechanism has been the mechanism proposed in a
series of studies for catalytic and heterogeneous reactions between ozone and organic
compounds. Two studies by Oyama et al. suggest that the reaction between ozone and
acetone on manganese oxide is between two adsorbed species.^^’^^ Kwamena et al. used
this mechanism in the reaction between ozone and benzo[a]pyrene on an organic
aerosol.^* Another study by the same research group formd that the reaction between
ozone and anthracene preadsorbed on a pyrex surface occurs via the Langmuir-
Hinshelwood mechanism.^^ These two studies are similar to the current one since they
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Figure 21. The fractional conversion ofDMMP observed during the initial reaction
period prior to DMMP breakthrough after exposure to 100 pmoles ofDMMP, and after
DMMP breakthrough after exposure to 300 pmoles ofDMMP is plotted as a function of
ozone concentration.
examine a heterogeneous reaction between ozone and an adsorbed organic molecule, with
the products staying on the surface of the adsorbent.
One experiment at a lower DMMP vapor concentration was performed by
lowering the temperature of the thermostatted enclosure that contains the DMMP bubbler
and aerosol trap to 293 K. Based on our measurements, the vapor pressure ofDMMP at
298 K is 0.87 torr. Using the Clausius-Clapyron equation and the reported heat of
vaporization for DMMP, 52.33 kJ/mole, the DMMP vapor pressure at 293 K was
calculated to be 0.61 torr. Exposure to 100 pmoles ofDMMP yielded a fractional
conversion value of 0.11 pmoles (CO2)/ pmoles (DMMP), which is equal to the plateau
value foimd for the higher DMMP vapor pressure experiments.
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There are experimental observations that are important to the comprehension of
the surface reaction between ozone and DMMP. The adsorption of reaction products,
such as carbon monoxide and carbon dioxide, on the adsorbent, can form bicarbonates by
reacting with an aluminum cation and an adjacent hydroxyl group. However, monomeric
bicarbonate species that are formed should not affect the availability of surface Lewis
acid sites, but to the extent it is affected it will not affect the rate dependence on the
coverages of the reactants.^®'’^ An additional observation made is that no methanol or
ozone is ever seen at the outlet of the microreactor when methanol in helium was used
instead ofDMMP to react on the surface with ozone at room temperature. The gas-phase
reaction between ozone and methanol yields a small amoimt of carbon dioxide, thus
revealing the catalytic nature of the reaction on the adsorbent. Another observation is
that ozone is never seen in the exit flow from the reactorwhen DMMP is not present.
This shows that ozone has completely decomposed on the clean oxide surface. However,
when DMMP is present, ozone is seen in the exit flow from the reactor prior to DMMP
being seen after exposure to approximately 140 pmoles ofDMMP. The breakthrough
point changes slightly with ozone concentration, with longer breakthrough points with
higher ozone concentrations. Ozone in the microreactor flow shows that DMMP is
adsorbing on and poisoning the surface sites. When DMMP breakthrough is seen, the
concentrations ofozone at both the inlet and outlet of the reactor are nearly equivalent. It
was also seen that DMMP breakthrough took place much later than the breakthrough
point ofozone. The breakthrough ofDMMP has a stronger dependence on breakthrough
with ozone concentration in that when no ozone is present, breakthrough takes place after
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exposure to 205 pmoles ofDMMP. However, the DMMP breakthrough point increases
to 230 pmoles when 50 ppm ofozone is present. In addition, the breakthrough point
appears to level off at 260 pmoles ofDMMP for ozone concentrations between 300-400
ppm. This seems to illustrate that one of the effects ofozone is to increase the number of
surface sites for the adsorption ofDMMP.
The reaction between ozone and methanol formed from DMMP decomposition is
one possible mechanism for the formation ofcarbon dioxide. However, as seen in Table
8, much more carbon dioxide is produced than could be accoimted for via a conversion of
methanol into carbon dioxide on the iron oxide on alumina adsorbents. In addition.
Figure 26 shows that adding ozone yields significant carbon dioxide production once the
adsorbent has been dosed with DMMP and purged with helium to remove methanol
present. This shows the reaction to form carbon dioxide is due to the reaction ofozone
with strongly adsorbed DMMP, methyl methylphosphonate fragments, adsorbed methoxy
groups, or other strongly adsorbed species.
When ozone is present for the supported iron oxide adsorbent, the enhanced
DMMP decomposition activity seen likely comes from either ozone providing a way for
recycling some adsorption sites, or ozone effectively making a larger number of the
adsorption sites active for decomposition. It is possible that without ozone present, a
significant part of the methoxy groups resulting from DMMP decomposition are not
released as methanol. The typical model for DMMP interaction with metal oxides is*^’'®
DMMP + * -> DMMP*




where * represents a surface adsorption site, normally a surface aluminum site, and MMP
is the methyl methylphosphonate fragment. It is this sequence that produces methanol,
but results in this study show that surface methoxy groups were formed following the
adsorption ofDMMP on oxide surfaces. This reaction is proposed to occur via the
on
decomposition of the adsorbed methanol.
CH3O* + HO* -> CH3OH (t) + HO* Eq. 13
Once the surface methoxy groups is formed or a gas-phase methanol is adsorbed
reactively, there may not be enough energy needed to complete the following reaction,
CH3O* + HO* -> CH3OH (t) + *0* Eq. 14
and some of the methoxy groups formed from DMMP decomposition that stay on the
surface. However, in the presence of adsorbed ozone, another pathway involving the
surface methoxy group becomes possible. Xi et al. suggest that each ozone molecule
provides one active oxygen, thereby yielding the following stoichiometry in
heterogeneous reactions between ozone and organic compoxmds.
CH3O-* + 303(ads) ^ C02(t) + H2O +HO-* + 3O2 Eq. 15
With the reaction products ofcarbon dioxide, water, and the destruction of ozone, the
reaction in Equation 15 is energetically more favorable than the pathway in Equation 14.
In addition to providing a mechanism for the recycling of surface sites, a Bronsted site is
created that can take part in the reaction with other adsorbed methoxy groups via
Equation 14. Ifozone is present. Equation 15 is the preferred pathway based on the
energy of a reaction.
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4.4. Colorimetric Method
A series ofqualitative and quantitative experiments were performed to
characterize the color change for the adsorbent and can be seen in Figure 28. Reactive
adsorbents tested included unsupported ceria and Si-MCM-41, whereas Purpald, was
tested as control experiments. After two hours, the samples changed color to various
shades ofpurple indicating the amount of formaldehyde, and thus methanol from DMMP,
produced. From the microreactor/decomposition experiments it is known that Si-MCM-
41 does not produce a large amount ofmethanol even though it has a high surface area,
whereas unsupported cerium oxide with amuch smaller surface area has its active sites
on the surface, and along with other factors (ceria’s size, ability to store oxygen, etc) has
an increased activity. The qualitative data below support this. The Purpald only
experiment (no reaction) varies little in color from the initial solution, and the blank
(reaction but no reactive adsorbent) shows that even though there is no reactive adsorbent
present a slight color change occurs. Additional experiments were performed that
showed that oxygen is required. Without oxygen, very little or no formaldehyde is
formed, thus making the characteristic purple color difficult to detect.
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Figure 28. Characteristic color change ofa qualitative colorimetric detector (A) in the
presence ofoxygen and (B) in the absence ofoxygen
Numerous quantitative experiments have been performed, most of them trying to
demonstrate reproducibility of the experiments. Measmements were taken on three
spectrophotometers, two Spectronic 20 instruments and a UVA^IS spectrophotometer. A
series ofcontinuous experiments, and experiments that included a stop time for
measurements, were performed. Determining the optimal amount ofalcohol oxidase
needed to )deld the highest absorbance was carried out. Using another oxidizer, KMn04,
besides alcohol oxidase was explored. Experiments comparing various types ofglass
tubing that make contact with the Purpald solution in a ceria on alumina experiment were
performed. Additional glass tubing where the tip of the fine gas diffusion tube was
coated with SigmaCote was examined. Experiments in which enzyme was dissolved in
solution show that the alcohol oxidase’s activity is inhibited, regardless of the amount of
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enzyme added. Alcohol oxidase has been supported on cotton, glass wool, and Cabosil
(with varying parameters explored). Despite examining all the above variables, the
quantitative results demonstrated numerous inconsistent absorbances with the
corresponding uncertanities that made the technique unreliable. It is believed the manner
in which the enzyme was supported, or perhaps the setup itself, and the drying of the
enzyme over the length of the experiment was the source of the inconsistency.
CHAPTERS
CONCLUSIONS
A series of experiments investigating the adsorption and decomposition of
dimethyl methylphosphonate (DMMP) have been carried out on numerous reactive
adsorbents at 25°C. The most active samples were the higher weight loadings (13% and
17%) of cerium on alumina, which yielded methanol production comparable to
unsupported ceria. Because of the higher surface area and lower cerium content, the
supported samples are preferred. When observing methanol formation versus the weight
loading of ceria on alumina, it was seen that the most rapid increase in methanol
formation occurs for ceria weight loadings that have highly dispersed two-dimensional
domains and show little formation of three-dimensional crystals. At approximately 5%
cerium oxide on alumina. X-ray and FT-Raman show the presence of larger three-
dimensional crystalline structures. At this point, methanol production from DMMP
decomposition continued to increase along with ceria loading but not at the same rate as
before.
The DMMP dosing experiments on the best reactive adsorbent at room
temperahore showed that methanol and dimethyl ether form through a competitive
processes involving surface-bound methoxy groups. When there was an increase in both
the amoimt ofDMMP doses and the production ofmethanol, it was shown the amount of
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dimethyl ether decreased. It is proposed that dimethyl ether was formed via a reaction
between two surface methoxy groups. Methanol production is driven by the interaction
between a surface methoxy group and DMMP. Observed results do not disprove the
possibility ofother routes ofmethanol production, such as DMMP and surface hydroxyl
groups. When evolving through the adsorbent bed, dimethyl ether is displaced by
methanol which is also displaced by DMMP due to the adsorption affinities ofeach at the
surface sites.
In experiments that involve the use ofozone as a coreactant, iron oxide on alumina
was a more effective reactive adsorbent than ceria on alumina or alumina itself. With
carbon dioxide being the main product seen in these experiments, 10wt% iron oxide on
alumina converted more adsorbed DMMP to gas phase products with about 2.7 times as
much gas phase carbon produced, in the form ofCO2 and CO, as compared to the amount
ofmethanol and dimethyl ether formed without ozone. In addition, the use ofozone in
the iron oxide on alumina samples yielded a higher decomposition ofDMMP than the use
ofoxygen in the ceria on alumina adsorbents, 12 % to 7% respectively. Ozone seems to
increase the munber ofactive sites forDMMP decomposition by converting adsorbed
methoxy groups on the surface to CO2 and recycling these active sites. The surface
reaction appears to saturate when the ozone concentration exceeds 300-400ppm.
However, higher concentrations of ozone have no observable effect on the surface
reaction. The surface oxidation reaction appeared to follow the Langmuir-Hinshelwood
mechanism, involving a surface adsorbed and activated DMMP, as a fragment or as a
molecule, at a Lewis acid site and adsorbed ozone.
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A colorimetric detector was created that characterized the decomposition of
DMMP in various samples with the desire to develop a combinatorial method for the
screening ofpotential reactive absorbents. This technique included Purpald, the main
reagent used in making a colorimetric detector, dissolved in a basic solution. Methanol is
oxidized by alcohol oxidase to form formaldehyde. The interaction of formaldehyde with
Pupald gives rise to a purple color that is proportional to the amount of formaldehyde
present, which is proportional to the amount ofmethanol formed from the decomposition
ofDMMP. Oxygenmust be present for the reaction to yield formaldehyde. Alcohol
oxidase dissolved in Purpald solution inhibits the activity. However, the enzyme injected
onto cotton, glass wool, or Cabosil® retains its activity, although the stability ofthe
measured absorbance is an issue.
APPENDIX
The figures in this section are results from the microreactor experiments in terms of
product flow and product accumulation from DMMP decomposition. Part I (Appendices
A1-A29) contains the characterization of various reactive adsorbents with the objective
of finding the reactive adsorbent that yields the most methanol from DMMP
decomposition. Part II (Appendices B1-B25) consists of the DMMP dosing experiments
that were performed to show how the products from DMMP decomposition were formed.
Part III (Appendices C1-C20) includes those experiments that studied the effect ofozone
as a coreactor for the decomposition ofDMMP. Part IV is a section ofa colorimetric
method report with focus on the issues with the quanitative data.
90
ProductionfMethan l(nm l)FlowofMethanol(^m l/min)
Appendix Al. The adsorption and decomposition ofDMMP at 25°C on cerium
oxide (from cerium nitrate): [a] the product flow and [b] the product accumulation
ofmethanol with dotted line representing nonlinear regression
ProductionfMethan l(nm l)Metha ol(nmol/min)
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Appendix A2. The adsorption and decomposition ofDMMP at 25°C on cerium oxide
(from precipitation deposition): [a] the product flow and [b] the product accumulation
ofmethanol with dotted line representing nonlinear regression
ProductionfMethan l(nm l)Metha ol(nmol/min)
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Appendix A3. The adsorption and decomposition ofDMMP at 25°C on calcined t)-




Appendix A4. The adsorption and decomposition ofDMMP at 25°C on calcined r\-
AI2O3 treated with NH4OH: [a] the product flow and [b] the product accumulation of
methanol with dotted line representing nonlinear regression
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DMMP Exposure (nmol)
Appendix A5. The adsorption and decomposition ofDMMP at 25°C on 1.5 wt% Ce
on Ti-AlaOa: [a] the product flow and [b] the product accumulation ofmethanol with
dotted line representing nonlinear regression
ProductionfMethan l(nm l)Metha ol(nmol/min)
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Appendix A6. The adsorption and decomposition ofDMMP at 25°C on 2.5 wt% Ce
on T1-A1203: [a] the product flow and [b] the product accumulation ofmethanol with
dotted line representing nonlinear regression
ProductionfMethan l(nm l)Metha ol(nmol/min)
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Appendix A7. The adsorption and decomposition ofDMMP at 25°C on 5 wt% Ce
on T1-A1203: [a] the product flow and [b] the product accumulation ofmethanol
with dotted line representing nonlinear regression
ProductionfMethan l(nm l)Metha ol(nmol/min)
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Appendix A8. The adsorption and decomposition ofDMMP at 25°C on 10 wt% Ce
on T1-AI2O3: [a] the product flow and [b] the product accumulation ofmethanol with
dotted line representing nonlinear regression
ProductionfMethan l(nm l)Metha l(nmol/min)
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Appendix A9. The adsorption and decomposition ofDMMP at 25°C on 14 wt% Ce
on TJ-A1203: [a] the product flow and [b] the product accumulation ofmethanol with
dotted line representing nonlinear regression
ProductionfMethan l(nm l)Fl wfMethanol(nmol/mi )
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Appendix AlO. The adsorption and decomposition ofDMMP at 25°C on 16 wt%
Ce on T1-AI2O3: [a] the product flow and [b] the product accumulation ofmethanol
with dotted line representing nonlinear regression
DMMP Exposure (nmol)
DMMP Exposure (pmol)
AppendixAll. The adsorption and decomposition ofDMMP at 25°C on 18 wt%
Ce on T1-AI2O3: [a] the product flow and [b] the product accumulation ofmethanol
with dotted line representing nonlinear regression
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Appendix A12. The adsorption and decomposition ofDMMP at 25°C on 20 wt%
Ce on 11-A1203: [a] the product flow and [b] the product accumulation ofmethanol
with dotted line representing nonlinear regression
ProductionfMethan l(nm l)Fl wfMethanol(nm l/min)
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Appendix A13. The adsorption and decomposition ofDMMP at 25°C on 5 wt% Ce
on Ti02: [a] the product flow and [b] the product accumulation ofmethanol with dotted
line representing nonlinear regression
ProductionfMethan l(|xm l)Methanol(nmol/min)
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Appendix A14. The adsorption and decomposition ofDMMP at 25°C on 8 wt% Ce
on Ti02; [a] the product flow and [b] the product accumulation ofmethanol with dotted
line representing nonlinear regression
ProductionfMethan l(^m l)Fl wMethanol(nmol/mi )
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Appendix A15. The adsoqjtion and decomposition ofDMMP at 25°C on 10 wt% Ce
on Ti02: [a] the product flow and [b] the product accumulation ofmethanol with dotted
line representing nonlinear regression
ProductionfMethan l(nm l)Fl wMethanol(nmol/mi )
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Appendix A16. The adsorption and decomposition ofDMMP at 25°C on 12 wt% Ce
on Ti02: [a] the product flow and [b] the product accumulation ofmethanol with dotted
line representing nonlinear regression
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DMMP Exposure (pmol)
Appendix A17. The adsorption and decomposition ofDMMP at 25°C on 15 wt% Ce
on Ti02: [a] tiie product flow and [b] the product accumulation ofmethanol with dotted
line representing nonlinear regression
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Appendix A18. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on Ti02: [a] the product flow and [b] the product accumulation ofmethanol with dotted
line representing nonlinear regression
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DMMP Exposure (pmol)
Appendix A19. The adsorption and decomposition ofDMMP at 25°C on calcined Ti02
treated withNH4OH: [a] the product flow and [b] the product accumulation ofmethanol
with dotted line representing nonlinear regression
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Appendix A20. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on r^-AlaOs (1:1 molar ratio Ce/Zr): [a] the product flow and [b] the product accumulation
ofmethanol with dotted line representing nonlinear regression
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DMMP Exposure (pmol)
Appendix A21. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on T1-AI2O3 (5:4 molar ratio Ce/Zr): [a] the product flow and [b] the product accumulation
ofmethanol with dotted line representing nonlinear regression
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DMMP Exposure (nmol)
Appendix A22. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on T1-AI2O3 (5:3 molar ratio Ce/Zr): [a] the product flow and [b] the product accumulation
ofmethanol with dotted line representing nonlinear regression
FormationfMeth n l(n l)FlowofMetha ol(nm l/min)
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Appendix A23. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on T1-AI2O3 (5:2 molar ratio Ce/Zr): [a] the product flow and [b] the product accumulation
ofmethanol with dotted line representing nonlinear regression
FormationfMeth nol(n )Metha ol(^mol/min)
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Appendix A24. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on T1-AI2O3 (5:1 molar ratio Ce/Zr): [a] the product flow and [b] the product accumulation
ofmethanol with dotted line representing nonlinear regression
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DMMP Exposure (nmol)
Appendix A25. The adsorption and decomposition ofDMMP at 25°C on 10 wt% Ce
on T1-AI2O3 (5:1 molar ratio Ce/Zr): [a] the product flow and [b] the product accumulation
ofmethanol with dotted line representing nonlinear regression
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DMMP Exposure (pmol)
Appendix A26. The adsorption and decomposition ofDMMP at 25°C on 5 wt% Ce
on ti-Al203 (5:1 molar ratio Ce/Zr): [a] the product flow and [b] the product accumulation
ofmethanol with dotted line representing nonlinear regression
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DMMP Exposure (pmol)
Appendix A27. The adsorption and decomposition ofDMMP at 25°C on 5 wt% Ce
on TI-AI2O3 (5:1 molar ratio Ce/Zr) via incipient wetness: [a] the product flow and
[b] the product accumulation ofmethanol with dotted line representing nonlinear
regression
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Appendix A28. The adsorption and decomposition ofDMMP at 25°C on 20 wt%
Ce on TI-AI2O3 (5:3 molar ratio Ce/Zr) with Zr impregnated first: [a] the product




Appendix A29. The adsorption and decomposition ofDMMP at 25°C on 20 wt%
Ce on T1-AI2O3 (5:3 molar ratio Ce/Zr) with Ce impregnated first: [a] the product
flow and [b] the product accumiilation ofmethanol with dotted line representing
nonlinear regression
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Volume of Passed Gases (L)
Appendix Bl. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on TI-AI2O3with dosing of 10 pmol DMMP and helium; [a] the product flow and
[b] the product accumulation ofdimethyl ether and/or methanol with dotted line
representing nonlinear regression
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Appendix B2. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on T1-AI2O3with dosing of20 pmol DMMP and helium: [a] the product flow and
[b] flie product accumulation ofdimethyl ether and/or methanol with dotted line
representing nonlinear regression
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Appendix B3. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on T1-AI2O3with dosing of30 pmol DMMP and helium: [a] the product flow and
[b] the product accumulation ofdimethyl ether and/or methanol with dotted line
representing nonlinear regression
123
Volume of Passed Gases (L)
Appendix B4. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on T1-AI2O3with dosing of40 pmol DMMP and helium; [a] the product flow and
[b] die product accumulation of dimethyl ether and/or methanol with dotted line
representing nonlinear regression
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Volume of Passed Gases (L)
Appendix B5. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on T)-Al203with dosing of 50 pmol DMMP and helium: [a] the product flow and
[b] the product accumulation of dimethyl ether and/ormethanol with dotted line
representing nonlinear regression
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Volume of Passed Gases (L)
Appendix B6. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on T1-AI2O3with dosing of 60 pmol DMMP and helium: [a] the product flow and
[b] the product accumulation ofdimethyl ether and/or methanol with dotted line
representing nonlinear regression
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Volume of Passed Gases (L)
Appendix B7. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on T1-AI2O3 with dosing of70 pmol DMMP and helium: [a] the product flow and
[b] the product acciunulation of dimethyl ether and/or methanol with dotted line
representing nonlinear regression
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Volume of Passed Gases (L)
Appendix B8. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on T1-AI2O3with dosing of80 pmol DMMP and helium: [a] the product flow and
[b] flie product accumulation ofdimethyl ether and/or methanol with dotted line
representing nonlinear regression
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Volume of Passed Gases (L)
Appendix B9. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on T1-AI2O3with dosing of 100 pmol DMMP and helium: [a] the product flow and
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Appendix BIO. The adsorption and decomposition ofDMMP at 25°C on 20 wt%
Ce on T1-A1203with dosing of 150 pmol DMMP and helium: [a] the product flow
and [b] the product accumulation ofdimethyl ether and/or methanol with dotted line
representing nonlinear regression
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Volume of Passed Gases (L)
Appendix B11. The adsorption and decomposition ofDMMP at 25°C on 20 wt%
Ce on T^-AhOa with dosing of200 pmol DMMP and helium: [a] the product flow
















Appendix B12. The breakthrough ofDMMP in its adsorption and decomposition
at 25°C on 20 wt% Ce on TI-AI2O3 with dosing of 10-50 pmol DMMP and helium
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Appendix B13. The breakthrough ofDMMP in its adsorption and decomposition at
25°C on 20 wt% Ce on T1-AI2O3 with dosing of60-200 pmol DMMP and helium
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Time of experiment (hours)
Appendix B14. The adsorption and decomposition ofDMMP at 25°C on 15 mg of20
wt% Ce on TI-AI2O3with dosing of20 pmol DMMP and helium: [a] the product flow












Appendix B15. The adsorption and decomposition ofDMMP at 25°C on 30 mg of 20
wt% Ce on T)-Al203with dosing of20 pmol DMMP and helium: [a] the product flow
and [b] the product accumulation ofdimethyl ether and/ormethanol with dotted line
representing nonlinear regression
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Time of Experiment (hours)
Appendix B16. The adsorption and decomposition ofDMMP at 25°C on 30 mg of20
wt% Ce on ti-AlaOswith dosing of40 pmol DMMP and helium: [a] the product flow
and [b] the product accumulation ofdimethyl ether and/or methanol with dotted line
representing nonlinear regression
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Appendix B17. The adsorption and decomposition ofDMMP at 25°C on 45 mg of 20
Avt% Ce on T1-AI2O3with dosing of20 pmol DMMP and helium: [a] the product flow
and [b] the product accumulation ofdimethyl ether and/or methanol with dotted line
representing nonlinear regression
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Time of Experiment (hours)
Appendix B18. The breakthrough ofDMMP in its adsorption and decomposition
of20 wt% Ce on TI-AI2O3 at 25°C on [a] 30,45, and 60 mg of sample with dosing
of20 pmol DMMP/helium, and [b] 15 and 30mg of sample with dosing of20 and




Appendix B19. The adsorption and decomposition ofDMMP at 25®C on 20 \vt% Ce
on 11-AI2O3 in the incremental dose/single adsorbent experiments: [a] the product
flow and [b] the product accumulation ofdimethyl ether with dotted line representing
time DMMP doses were injected into the system
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Appendix B20. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on T1-AI2O3 in the incremental dose/single adsorbent experiments: [a] the product
flow and [b] the product accumulation ofmethanol with dotted line representing
timeDM]^ doses were injected into the system
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Time of Experiment (hours)
Appendix B21. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on 11-AI2O3 in the incremental dose/single adsorbent experiments: [a] the product
flow and [b] the product accumulation ofmethanol with dotted line representing
time DMMP doses were injected into the system
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Time of Experiment (hours)
Appendix B22. The adsorption and decomposition ofmethanol up to the breakthrough
point at 25°C on 20 wt% Ce on t)-A1203 followed by: (l)dosing of20pmol DMMP and
helium, or (2)helium flow: [a] the product flow and [b] the product accumulation of
methanol with dotted line representing nonlinear regression
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Time of Experiment (hours)
Appendix B23. The adsorption and decomposition ofmethanol up to the breakthrough
point at 25°C on 20 wt% Ce on t]-A1203 followed by: (l)dosing of20pmol DMMP and
helium, or (2)helium flow: the first derivative (created by OMNIC) ofmethanol
accumulation
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Time of Experiment (Hours)
Appendix B24. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on t^-AlaOswith dosing of20pmol DMMP and helium for 24 hours followed by
dosing of20pmol ofdimethyl ether: [a] the product flow and [b] the product
accumulation ofdimethyl eflier and/ormethanol
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Time of Experiment (hours)
Appendix B25. The adsorption and decomposition ofDMMP at 25°C on 20 wt% Ce
on T1-AI2O3with dosing of20pmol DMMP and helium for 24 hours followed
by dosing of20|unol ofmethanol: [a] the product flow and [b] the product




Appendix Cl. The adsorption and decomposition ofDMMP and SOOppm ozone
at 25°C on 5 wt% Fe203/ii-Al203: [a] the product flow ofCO2 and [b] the product




Appendix C2. The adsorption and decomposition ofDMMP and SOOppm ozone
at 25°C on 10 wt% Fe203/T]-Al203: [a] the product flow ofCO2 and [b] the product




Appendix C3. The adsorption and decomposition ofDMMP and SOOppm ozone
at 25°C on 15 wt% Fe203/Ti-Al203: [a] the product flow ofCO2 and [b] the product





Appendix C4. The adsorption and decomposition ofDMMP and 500ppm ozone
at 25°C on 20 wt% Fe20yTi-Al203: [a] the product flow and [b] the product




Appendix C5. The adsorption and decomposition ofDMMP and SOOppm ozone
at 25°C on 25 wt% Fe203/Ti-Al203: [a] the product flow ofand [b] the product




Appendix C6. The adsorption and decomposition ofDMMP and SOOppm ozone
at 25°C on 30 \vt% Fe20yT|-Al203: [a] the product flow of and [b] the product
accumulation ofproducts with dotted line representing nonlinear regression
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Appendix C7. The adsorption and decomposition ofDMMP and SOOppm ozone
at 25°C on TI-AI2O3: [a] the product flow of CO2 and [b] the product
accmnulation ofCO2 with dotted line representing nonlinear regression
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Appendix C8. The adsorption and decomposition ofDMMP and SOOppm ozone
at 25°C on Si-MCM-41: [a] the product flow ofCO2 and [b] the product
accrunulation ofCO2 with dotted line representing nonlinear regression
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DMMP Exposure (pmol)
Appendix C9. Comparison ofadsorption and decomposition ofDMMP and ozone at
SOOppm and ISOOppm at 25°C on empty reactor: [a] smoothed curves/product flow of
CO2 and [b] the product accumulation ofCO2
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DMMP Exposure (pmol)
Appendix CIO. The adsorption and decomposition of 650pmol DMMP at 25°C
on 10 wt% Fe203/Ti-Al203: [a] the product flow and [b] the product accumulation
with no ozone present
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DMMP Exposure (pmol)
Appendix Cl 1. The adsorption and decomposition of650pmol DMMP and 50ppm
ozone at 25°C on 10 wt% Fe203/Ti-Al203: [a] the product flow and [b] the product







Appendix Cl2. The adsorption and decomposition of 650pmol DMMP and lOOppm
ozone at 25°C on 10 wt% FeiOs/ii-AlaOs: [a] the product flow and [b] the product




Appendix Cl3. The adsorption and decomposition of650pmol DMMP and 200ppm
ozone at 25°C on 10 wt% Fe203/Ti-Al203: [a] the product flow and [b] the product




Appendix Cl4. The adsorption and decomposition of 650pmol DMMP and 300ppm
ozone at 25°C on 10 wt% Fe203/Ti-Al203: [a] the product flow and [b] the product
accumulation ofCH3OH, CO2 an^or CO
Flowfpr ducts(pm l/min)
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Appendix Cl5. The adsorption and decomposition of650pmol DMMP and 400ppm
ozone at 25°C on 10 wt% Fe203/Ti-Al203: [a] the product flow and [b] the product
accumulation ofCH3OH, CO2 and/or CO
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Appendix Cl6. The adsorption and decomposition of 650pmol DMMP and SOOppm
ozone at 25°C on 10 wt% Fe203/Ti-Al203: [a] the product flow and [b] the product
accumulation ofCH3OH, CO2 and/or CO
161
DMMP Exposure (pmol)
Appendix Cl7. The adsorption and decomposition of 650pmol DMMP and lOOOppm
ozone at 25°C on 10 wt% Fe203/Ti-Al203: [a] the product flow and [b] the product
accumulation ofCH3OH, CC^ an^or CO
162
DMMP Exposure (pmol)
Appendix Cl8. The adsorption and decomposition of 650|xmol DMMP and ISOOppm
ozone at 25°C on 10 \vt% Fe203/T]-Al203: [a] the product flow and [b] the product
accumulation ofCO2 and/or CO
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Time of Experiment (hours)
Appendix Cl9. The adsorption and decomposition ofDMMP at 25°C on 10 wt%
Fe203/Ti-Al203 (DMMP added & stopped, followed by He, then ozone): [a] the product
flow and [b] the product accumulation ofCO2 and/or CH3OH
FlowfProducts(|im l/min)
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Time of Experiment (hours)
Time of Experiment (hours)
Appendix C20. The adsorption and decomposition ofDMMP at 25°C on 10 wt%
Fe203/Ti-Al203 (ozone added & stopped, followed by DMMP flow): [a] the product flow
and [b] the product accumulation ofCO2 and/or CH3OH




A number ofexperiments have been performed, most dealing with repeatability
issues (whether it was a series ofnonstop experiments or those which stop at timed
intervals formeasurements, or determining the optimal amount ofalcohol oxidase to
utilize that would give the highest absorbance, or using another oxidizer besides alcohol
oxidase for the sake ofcomparison, etc.); these will not be included here. Being that this
problem still exist, different types of glass tubing that make contact with the Purpald
solution were observed—the first table below summarizes the results of a 63mg sample
of 16% Ce on VB, normal setup for 3 hours:






























Table 1 - comparison of types of tubes that make contact with Purpald solution
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A general trend is seen such that as the bubbles from the tubing become smaller
and larger in number, the absorbance decreases; it was believed the reverse would be true
being that more interactions are taking place with the solution. The UVA^is data
illustrates that using a gas diffusion tube shifts the maximum wavelength greatly, which
may explain why it appears to yield a light purple color but then turns pink; even though
the absorbencies decrease, the other glass tubing retains the maximum wavelength
regardless of the diameter of the glass tubing used. Table 2 is another series of
experiments—same setup—^where the tip of the fine gas diffusion tube was coated with
SigmaCote and allowed to dry at room temperature (and in the drying oven at 80 degrees
for a short time). As mentioned before, the absorbencies (for the most part) increase as
time increases but the maximvim wavelength decreases. There were also some
correlation issues in comparing the absorbencies fi-om the UVA^is and the Spec 20+s.






















90 minutes, blank 0.16614
538.3nm
(0.16947) 0.118/0.122




Table 2 - comparison of sample and blank with Sigmacoted fine gas diffusion tube
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The major thing that makes me question the data in table 2 is the comparison of the
blank data as a whole to that of 16%Ce on VB; both sets ofabsorbencies show that that
the blank have a higher optical density than the 16%Ce on VB(??)—^based on previous
results the 16%Ce data should be much higher based on the amount ofmethanol
produced alone. Also, in comparing the last line of table 1 (no Si^aCote) to the first line
of table 2 (yes SigmaCote), being that they are both 63mg of 16%Ce onVB with a
normal setup with a fine gas diffijsion tube, the SigmaCoted tip has higher absorbance
data, yet they are somewhat close. If it was only hydrogen peroxide that was altered by
the rapid rate/number ofbubbles, the formaldehyde would still be there. Perhaps the rate
and/or number ofbubbles causes formaldehyde to breakdown, creating a byproduct that
shifts the maximum wavelength and lowers the absorbance in die process; and if there’s
no formaldehyde there’s no color change in Purpald.
yes!! no!!
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